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This study evaluated the environmental applications of carbon nanotubes through the adsorption 
and desorption of representative environmentally relevant adsorbates; ammonia, hydrogen 
sulfide and acetone under ultra high vacuum (UHV) and high pressure conditions. The results 
showed that functionalities/defects sites on nanotube surfaces play an important role on the 
interaction between molecules and carbon nanotubes.  
The oxygen containing functional groups on single-walled carbon nanotubes (SWNTs) 
are studied by Fourier Transform Infrared (FTIR) spectroscopy under vacuum.  Vacuum heating 
to ~ 1300 K removes most of the functionalities in the samples.  The similarities in the infrared 
spectra of the Rice Tubes after a 1400 K treatment with spectra for HiPco nanotubes suggest the 
observation of intrinsic SWNT IR bands. 
Ammonia adsorption on single walled carbon nanotubes (SWNTs) was studied in order 
to investigate the environmental application of nanotubes, mainly possible uses as sensors.  At 94 
K, vacuum annealed SWNTs showed no detectable ammonia uptake.  However, the ammonia 
adsorption was found to be sensitive to the functionalities and defects on the nanotube surfaces.  
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NH3 desorbed from those nanotubes above 140 K, indicating a weak adsorbate-nanotube 
interaction (~30 kJ/mol).  This work suggests the influence of functionalities and/or defect 
densities on the sensitivity of SWNT chemical gas sensors.  
Both physisorption and chemisorption of acetone on nanotubes were observed.  It was 
found that H2S adsorbed on nanotube surfaces at cryogenic temperature but not at room 
temperature.  The low desorption temperature suggests only physisorption of H2S on nanotubes. 
In this study, low concentration of functionalities on carbon material surfaces was 
detected by fluorescent labeling technique.  Florescent labeling indicated the presence of COOH 
and CHO groups on the ACF 25 fiber surface.  Neither the infrared spectrum nor the X-ray 
photoelectron spectrum showed evidence of the existence of those low concentration groups.   
The key findings of this work make it possible that applying scientific information 
obtained from studies under ideal conditions to industrial sorbents/sensors under realistic process 
conditions. Nanotube surfaces can be modified chemically to enhance their affinities for certain 
kinds of gas molecules. 
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1.0 INTRODUCTION 
In 2004, US Environmental Protection Agency (EPA) announced that research was needed to 
identify opportunities and applications of nanoscale science and technology to address 
environmental problems [1].  Three research topics were identified  
Environmental benign manufacturing and processing,  
Remediation/treatment,  
Sensors.   
Nanotechnology refers to the use of materials and structures of nanoscale dimensions.  
Nanotubes are relatively new but broadly studied materials in the nanotechnology field.  Due to 
their outstanding mechanical, electronic and chemical properties, carbon nanotubes offer great 
promise of delivering new and improved environmental technologies as sensors and sorbent 
materials to detect and treat existing contaminants and prevent new pollution which are 
significant challenges to environmental scientists and engineers [2].  Nanotubes, present as small 
particulate material, may also present environmental hazards in their own right[2].  Clearly 
nanotechnology brings many opportunities and challenges that scientists have only just begun to 
explore. 
Environmental control agencies, researchers and the general public are concerned about 
the increasing mobilization and release of trace elements to the environment. Substances of 
significant concern in the remediation of soils, sediment and ground water include heavy metals 
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(e.g. mercury, lead, cadmium) and organic compounds (e.g. benzene, chlorinated solvents, and 
toluene).  Although nanotubes have been applied to adsorb several kinds of trace contaminants, 
[3, 4] from water, there is a lack of fundamental understanding of the physics and chemistry of 
nanotube surfaces related to sorbent capacity, and interference of other components in the gas 
mixture.  
The objective of this study was to investigate possible environmental applications of 
nanotubes through adsorption and desorption study of environmentally interesting molecules 
including ammonia, hydrogen sulfide and acetone.  This study describes the effects of surface 
functional groups and different nanotube production methods on the adsorption and desorption of 
molecules from nanotube surfaces.  The study suggests an integrated approach that may provide 
conditions by which adsorption process can be optimized on nanotube surfaces.  The key 
findings of these studies will then be extended to more complex systems.  Additionally, 
nanotubes present a relatively well defined degree of porosity and functionality that can also 
serve as a model for more complex nanoporous carbons such as activated carbon and activated 
carbon fiber (ACF).  A long term goal of the study is to design more efficient and cost-effective 
sorbents, e.g. nanotubes, for pollution control through the basic understanding of molecular 
interactions with these materials. 
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2.0 LITERATURE REVIEW 
2.1 CARBON NANOTUBES AND THEIR ENVIRONMENTAL APPLICATIONS 
Carbon nanotubes have been the focus of much research since their discovery in the early 
90s’[5].  Simply speaking, a carbon nanotube is analogous to a sheet of graphite rolled into a 
cylinder closed at either end with caps containing pentagonal rings.  Depending on the twist 
direction of the graphite sheet, nanotubes can be metallic or semiconducting.  Cartoons in Figure 
2- 1[6, 7] illustrate the idea of rolling.  Due to their special structure, perfect carbon nanotubes 
are light, flexible, thermally stable and chemically inert [8].  Several methods have been applied 
to produce nanotubes.  Laser ablation and HiPco are two effective methods [6, 7]  A laser is used 
in laser ablation technique to vaporize a composite graphite/transition metal target inside a 
heated quartz flow tube.  Nanotubes form in the condensing vapor.  HiPco stands for catalytic 
decomposition of CO at high pressure and temperature.   
Nanotechnology could make many products lighter, stronger, cleaner, less expensive and 
more accurate.  EPA joined the national nanotechnology initiative in FY 2002 through its STAR 
grant program.  Nanotechnology has the potential to significantly improve environmental 
protection. [9]  
  4 
 
 
 
Figure 2- 1 Schematic theoretical models of single walled carbon nanotubes, their hexagon 
orientations and cap structures (a) armchair (5,5) nanotube; (b) zigzag (9,0) nanotube; (c) chiral 
(10,5) nanotube. [6, 7] 
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The excellent mechanical, electronic and chemical properties of carbon nanotubes have 
stimulated some work by environmental scientists and engineers [2].  Most work until now has 
been performed on the laboratory scale.  So far, there are three main environmental applications 
of nanotubes, i.e. energy storage, sorbents and sensors.  Nanotechnology has the potential to be 
used to develop new, “green” processing technologies that minimize or eliminate the use of toxic 
materials and the generation of undesirable byproducts and waste streams.  However, the present 
cost of nanotubes, at hundreds of dollars per gram, limits large-scale applications of nanotubes in 
the near future.  Novel production techniques may change this in the future. 
Although currently expensive, carbon nanotubes are also considered promising materials 
for hydrogen storage, an application that will be crucial in the development of efficient 
hydrogen-based vehicles.[10]  The reversible storage of hydrogen on nanotubes has attracted 
much attention from the energy and environmental protection field.  Using hydrogen as an 
alternative energy carrier is rapidly developing due to an increasing demand for renewable and 
environmentally friendly energy sources[11-15].  It is reported that crystalline SWNTs have a 
capacity for hydrogen sorption of 5-10 wt. % at pressures less than 1 bar near room 
temperature[16].  Such a hydrogen storage capacity would be a significant advance for the use of 
hydrogen as a fuel as high gravimetric density of hydrogen is a figure of merit.  The Department 
of Energy (DOE) target for vehicular fuel cells is 6 wt.% for gravimetric and 60 kg/m3 for 
volumetric densities[17].  Simonyon et.al have presented a review of experimental and 
theoretical work on hydrogen adsorption in graphite nanofibers and single walled carbon 
nanotubes[18].  They found that adsorption of hydrogen onto alkali-metal doped nanotubes 
increased in comparison to the identical bundle without the metal and concomitant charge 
transfer.  However, the total adsorption of hydrogen on metal-doped SWNT bundles is still a 
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rather modest 2 wt.% which is significantly smaller than the DOE target[18].  Extensive 
exploration of hydrogen storage has been performed by several research groups.  However, the 
claimed hydrogen uptake capacity varied from less than 0.5% up to 10%.[18]  Nanotubes are 
produced by different methods and under different conditions such as pressure and temperature 
make comparisons sometimes difficult.  However, the uniform pore size distribution, high 
surface area and excellent electronic properties make nanotubes promising materials for 
hydrogen storage[18].  
Storage of other fuels in nanotubes also has been studied.  Natural gas (methane is the 
primary constituent) adsorbed on porous materials is a promising alternative to compressed 
natural gas as a clean vehicular fuel, and for bulk transportation.  The adsorption of methane gas 
on isolated SWNTs and idealized carbon slit pores at 303 K was studied by nonlocal density 
functional theory. [19-21]  Based on the research already done, [19-21]  nanotubes appear to be 
promising materials for energy storage.  
The early impact of nanotube research has been mostly in remediation and end-of-pipe 
treatment technologies.  Highly toxic, persistent, and difficult to treat and/or access pollutants 
present particular challenges.  Nanotechnology applications that would result in improved 
treatment options might include removal of the minute concentrations of contaminants from 
water and air and “smart” materials or reactive surface coatings that destroy or immobilize toxic 
compounds.  Substances of significant concern in the remediation of soils, sediment and ground 
water include heavy metals and organic compounds [1].  EPA STAR researchers at Lehigh 
University are optimizing the synthesis of nano-sized particles for use in groundwater cleanup. 
[9]  The potential benefit of this technology for remediation stems from the fact that it is 
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portable, the nanoparticles are highly reactive, and it can be scaled to fit the pollution problem. 
[9]   
Carbon nanotubes have been proposed as superior sorbents for dioxin removal.[22]  Due 
to the extreme toxicity of dioxins, it is desirable to have a more efficient sorbent than activated 
carbon so that the dioxin emissions can be reduced to lower levels.  Long et al. found the 
interactions of dioxins with carbon nanotubes are much stronger than that with activated 
carbon.[22]   The origin of these strong interactions is not clear but the authors suggest that it 
may be attributed to the unique structure and electronic properties of carbon nanotubes.[22]  
Because of the higher bond energy between dioxin and carbon nanotubes compared to other 
sorbents (315 kJ/mol for nanotube vs. 119 kJ/mol for ZX-4 carbon), the removal efficiency for 
dioxin by carbon nanotubes is much higher than other sorbents.  Nanotubes can also be used as 
aqueous phase adsorbents.  Peng et al. used as-grown nanotubes and graphitized nanotubes as 
adsorbents to remove toxic 1,2-dichlorobenzene (DCB) from water.[23]   Nanotubes can be used 
as adsorbents in a wide pH range (3-10).[23]  The experiments demonstrated that it takes only 40 
minutes for nanotubes to attain equilibrium and that the adsorption capacity is relatively high, 
thereby making carbon nanotubes good adsorbents for the removal of DCB from water.  
Nanotubes were also evaluated as adsorbents for trapping volatile organic compounds from 
environmental samples.  For example, Li and coworkers, found that nanotubes have much higher 
breakthrough volumes for  toluene, xylene, dichloromethane, 1,2-dichloroethane and so on than 
graphitized carbon black with the same surface area.[24].  This was ascribed to the more porous 
structure of SWNTs.  The results indicate that nanotubes are potential useful adsorbents for 
direct trapping VOCs from air samples.   
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The adsorption of heavy metals by nanotubes has been studied by Li group[3, 4].  They 
found that nanotubes show exceptional adsorption capability and high adsorption efficiency for 
lead removal from water.  The adsorption is significantly influenced by the pH value of the 
solution and the nanotube surface status.  Their work also showed that the oxidation dramatically 
increase the cadmium adsorption capacity.  The Cd (II) adsorption capacity of the as grown 
nanotubes is much smaller than H2O2, HNO3 and KMnO4 oxidized nanotubes.   
Using carbon nanotubes in computer displays[2] may further diminish environmental 
impacts by eliminating toxic heavy metals and dramatically reducing material and energy use 
requirement.  Moreover, multi-walled nanotubes demonstrated good properties as solid phase 
extraction adsorbents for the extraction and quantification of several chemicals in water 
including bisphenol A, 4-n-nonylphenol, 4-tert-octylphenol and phthalate esters. [25] 
Novel monitoring technologies and devices are needed for pollutants and microbial 
detection.  Protection of human health and ecosystem requires rapid, precise sensors capable of 
detecting pollutants at the molecular level.  The EPA is interested in remote, in situ, and 
continuous monitoring devices that yield real-time information and can detect pollutants at very 
low concentrations [1].  EPA STAR researchers at the University of California-San Diego are 
developing new, selective, solid-state sensors that use nanotechnology to detect toxic forms of 
chromium and arsenic in water.[9]  Recently, several papers about nanotube sensors have been 
published [26-30].  The electrical resistance of semi-conducting SWNTs is dramatically changed 
upon exposure to ammonia and nitrogen dioxide molecules [28].  This result provided the basis 
for research into the use of nanotubes as chemical sensors.  Goldoni and coworkers showed that 
gas molecules could directly affect the nanotube properties via physisorption or chemisorption, 
but they could also have an indirect effect by interacting with contaminants bonded to the 
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nanotubes[29].  Residual contaminants in purified single-walled carbon nanotube bundles may 
be responsible for the reported sensitivity of the electronic and transport properties to 
oxygen[29].  Strong sensitivity to NO2, SO2 and NH3 was observed which confirmed the possible 
application of nanotubes as powerful sensors capable of measuring environmentally significant 
levels of toxic gases. 
2.2 OXYGEN CONTAINING FUNCTIONALITIES ON NANOTUBE SURFACE 
AND THEIR DETECTION 
The presence of functional groups or adsorbed oxygen species on single-walled carbon 
nanotubes (SWNTs) is known to affect properties of these materials [30, 31].  Functionalities 
influence the electronic properties of SWNTs by disrupting the graphitic-like sp2 network of 
carbon in the SWNTs.  This disruption produces local sp3 defects which can introduce an 
impurity state near the Fermi level[32] and perturb the electronic spectra of these materials [33].  
The conductivity[32] and solubility [34, 35] of SWNTs have also been shown to change as a 
result of functionalization.  Ultimately, the performance of SWNTs as adsorbents[36], 
catalysts[37], capacitors[38], microscopy tips [39-41] and sensors [42] depends on understanding 
and controlling surface functionalities. 
Normally, as-received nanotubes contain few heteroatom functional groups.  However, 
during various purification steps, oxygen containing functional groups are introduced [43, 44].   
Some purification procedures use aggressive oxidizers like HNO3, H2SO4, or H2O2 to crack the 
passivating carbon shells encapsulating residual catalyst particles and to remove unwanted 
carbons [45-47].   Newer procedures use more gentle steps which expose the catalyst by heating 
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in moist air followed by an acid wash for catalyst removal[48].   As one might expect, the 
amount and type of functional groups introduced by these purification steps vary drastically with 
each different type of procedure employed. 
Many applications of carbon materials, including activated carbon, activated carbon 
fibers and carbon nanotubes are based on the presence of oxygen containing surface functional 
groups[49-54].  For example, the dynamic adsorption of hexane by activated carbons under 
humid conditions was found to be mainly governed by the quantity of acidic surface functional 
groups[55].  It is reported that oxygen surface complexes, possibly lactones and carbonyl groups, 
were the active sites for Hg-0 capture[56].  An increase in the number of some acid functional 
groups and surface wetting quality was helpful to microorganism fixing[57].  
Several methods have been applied to detect and quantify oxygen functional groups on 
carbon surfaces[58-61].  Infrared spectroscopy (IR) [62-68], X-ray photoelectron spectroscopy 
(XPS) [50, 55, 62, 63, 68, 69], thermal desorption spectroscopy (TPD)[62, 65, 70], elemental 
analysis [50, 71, 72] and Boehm titration [62, 63, 72-74] are the most frequently used methods.  
Although the Boehm titration is a valuable technique, it is limited to special functional groups[61, 
75]. TPD does not provide detailed information about the type of functionality as it only probes 
the products of their decomposition.  Quantitative analysis of XPS and IR is not 
straightforward[61]. The time-consuming titration[58], the difficulty in assigning the peaks, and 
the influence of experimental parameters (such as the heating rate in TPD) highlight the need for 
new methods.  Furthermore, these techniques do not reveal the location of the functional groups.  
For example, they do not distinguish between functional groups located within small pores and 
functional groups located in large pores and on the external surface.    
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Some new methods, e.g., inverse gas chromatography (IGC)[76, 77], diffuse reflectance 
infrared Fourier transform spectroscopy (DRIFTS)[78], combining DRIFTS with transient 
kinetic (TK) and TPD techniques[79], and electro kinetic measurements (zeta potential)[80], 
have been applied to investigate the surface properties of activated carbons and carbon fibers.  
Scanning tunneling and atomic force microscopes (STM/AFM) have also been used to study 
surfaces functional groups in some cases[81].  
Fluorescent labeling has been used to identify and quantify functionalities on self-
assembly monolayer[82] and polymer surfaces[83, 84].  Recently, the interactions between 
functional groups (defects sites) on single walled carbon nanotubes (SWNTs) and their 
performances in various fields have been explored actively by several groups.  Changing the 
quantity or type of functional groups will make obvious differences to the solubility[34, 85], 
adsorption behaviors [4, 14, 86-89] of SWNTs and their performance as catalysts [90], capacitors 
[91]  electrolytic transporters [92]  and biosensors[42].  
 Attaching molecules to the SWNTs through functional groups also can modify the 
surface of SWNTs[93, 94] and make SWNTs work as sensor [95]  and carbon SWNTs AFM 
probes.[39]  However, covalent chemical attachments to the functional groups will decrease the 
maximum buckling force of SWNTs by about 15% regardless of tubule helical structure or 
radius of SWNTs.[96] 
Identification and quantification of those functional groups have become key issues for 
the field of SWNT materials topic.[97-99].   XPS [100-102], IR[15, 100, 101, 103, 104] and 
Raman [105] are the main techniques used to detect functional groups on SWNTs surfaces.  
Scientists try to develop new methods to detect functional groups more effectively.  
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Scanning tunneling microscopy (STM) and TEM were applied to analyze carbon 
nanotubes covered with functional groups attached to their exterior wall [106]   Jiang  and his 
colleagues selectively attached gold nanoparticles to the nanotubes.[94, 107]  This approach 
provided an efficient method to attach other nanostructures to carbon nanotubes and can be used 
as a detection method of the functional groups on carbon nanotube surfaces.  SWNTs produced 
by plasma laser vaporization (PLV) and containing oxidized surface functional groups were 
studied for the first time with NEXAFS  in 2001.[104]  By measuring the evolution of CO2(g) 
and CO(g), the fraction of oxidized carbon sites present were determined on heating to 1273 K 
[108].  
Fluorescence detection is a technique that has been broadly used in the biological field.  
Recently, it was introduced into research work of carbon nanotube in several aspects[109-115].  
Several groups studied the attachment of interesting fluorescent molecules through linkage with 
functional groups on nanotube surface[116-120].  Fluorescence microscopy was used to make 
carbon nanotubes visible [121, 122].  Georgakilas reported an approach to the organic 
functionalization of nanotubes with a fluorescent moiety (pyrene), which has led to high level of 
solubility of the resulting products.  Zhu and his colleagues incorporated a naphthalimide 
fluorescence molecule onto SWNT via amidation. [123]  Those modifications can change the 
electronic structure of nanotubes. [123]  Several papers have shown that the chromophore 
emission can be significantly quenched by the attached nanotubes[122, 123] which makes the 
quantification of chromophores on nanotubes surface complicated.  
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2.3 INFRARED STUDY OF CARBON NANOTUBES 
The vibrational spectrum of a molecule is considered to be a unique physical property and is 
characteristic of the molecule.  As such, the infrared spectrum can be used as a fingerprint for 
identification by the comparison of the spectrum from an “unknown” with previously recorded 
reference spectra.  It is possible to detect whether a specific functional group is present.  If 
detected, it is also possible to determine local orientation of the group and its local environment 
[124]. 
Infrared spectroscopy has proved to be a powerful technique to study carbon 
nanotubes[103, 125-127].  Both theoretical and experimental work showed that infrared active 
phonon modes around 1590 and 850 cm-1 appear in all symmetries almost independent of the 
diameter and are therefore expected to produce clearly recognizable structures in absorbance or 
reflectance spectra of a variety of single walled carbon nanotubes [128]. 
In addition to the study of the intrinsic structure of nanotubes, infrared spectroscopy has 
been widely applied to the investigation of interactions between nanotubes and molecules in the 
physical, environmental and biological fields. [24, 28, 29, 129, 130] 
There are many possible sites for a molecule to adsorb on nanotube bundles.  There are 
four adsorption sites on nanotube bundles from a strictly geometric point of view.  They are the 
tube interior (endohedral), the interstitial channels, the external grooves and the outer surfaces as 
shown in Figure 2- 2[131]. Infrared spectroscopy has proved an effective technique to 
differentiate molecule adsorption sites on nanotube bundles.  Matranga et al. have investigated 
carbon dioxide, generated during the decomposition of functional groups, trapped in nanotube 
bundles using infrared spectroscopy[132, 133] .  Experimental and simulation studies point to a 
sequential filling of adsorption sites in open nanotubes with adsorption in interstitial sites 
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preceding adsorption in endohedral sites.  The limited number of sites available to the trapped 
carbon dioxide species is used to facilitate a tentative assignment of vibrational peaks to specific 
sites in the nanotube bundles.  Furthermore, they studied the displacement of carbon dioxide by 
Xe on nanotube bundles with FT-IR and grand canonical Monte Carlo (GCMC) simulations. 
[132, 133]  Both experimental and simulation work showed that the molecules in endohedral 
sites are initially displaced by Xe before molecules in groove/external surface sites.  Yim and 
coworkers[134] used molecular simulations to show a range of shifts for the asymmetric 
stretching mode from about -6 to -20 cm-1 for internally bound CO2 and a range from -4 to -16 
cm-1 for externally bound CO2 at low densities.  Byl et.al [135, 136] used infrared spectroscopy 
to discriminate molecules such as CF4 and NO, bound by physisorption on the exterior surface of 
nanotubes and molecules bound in the interior.  These results suggest that Infrared spectroscopy 
is a useful and effective method to determine the adsorption sites on nanotube bundles.  
 
Figure 2- 2 Cartoon of available adsorption sites on nanotube bundles 
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Functional groups introduced, on nanotube surfaces during purification or oxidation 
processes play important role in nanotube performances.  The presence of functional groups on 
single walled carbon nanotubes (SWNTs) is known to affect properties of these materials [31].   
The performance of SWNTs as adsorbents[137], catalysts[138], capacitors[38], microscopy tips 
[39-41] and sensors [42] depends on understanding and controlling surface functionalities.  
Again, infrared spectroscopy has proved to be an extremely powerful tool to study functional 
groups.  It was applied to understand the photodesorption mechanism of aligned carbon 
nanotubes thin film by impedance spectroscopy[139].  It was found that the photodesorption 
strongly depends on the polar impurities adsorbed on the nanotube surfaces. FT-IR transmission 
spectra of as-grown nanotubes detected large amounts of OH, CH2 and CH3 functional groups.  
Through the investigation by Raman and FT-IR, it was confirmed that the release of the trapped 
OH polar molecules was a dominant light molecular desorption mechanism[139].   
This study focused on the Fourier Transform infrared (FTIR) studies of the functional 
groups present on nanotube samples produced by HiPco and laser ablation techniques.  In 
particular, it was found that the air/HCl treatment is as effective in reducing the metal content of 
HiPco samples as HNO3 refluxing, but it does not functionalize the sample whereas the HNO3 
treatment does.  It was also found that vacuum heating to above 1000 K is effective in removing 
most of the functionalities created in HNO3 treated HiPco samples.  The details of this work will 
be presented in chapter 4.   
A number of other chemical species adsorbed on SWNTs have been investigated.  
Reflectance FT-IR spectra revealed that catalase, xanthine oxidase and glucose oxidase adsorbed 
onto the SWNT surfaces[29, 140, 141].  The direct electrochemistry of redox-active bio-
macromolecules can be improved through the use of carbon nanotubes[29, 140, 141].  The 
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catalytic activity of these molecules isn’t drastically perturbed by adsorption on the nanotubes 
[29, 140, 141].   
During the study of adsorption of ammonia and nitrogen dioxide on nanotubes at room 
temperature, Ellison et al.[142] suggested that ammonia adsorbs via both its lone pair and 
hydrogen atoms at room temperature and that nitrogen dioxide adsorbs in an asymmetric 
configuration via at least one of the oxygen atoms.  However, as will be shown in Chapter 4, no 
ammonia adsorption was observed on nanotubes at room temperature.     
Infrared spectroscopy has been effectively applied to study molecular interactions and 
functional groups on nanotube surfaces.  Moreover, this powerful technique can also been used 
to study the structures of tubes.  
2.4 KINETICS OF DESORPTION FROM SOLID SURFACES 
Temperature programmed desorption (TPD) spectroscopy is one of the simplest quantitative 
techniques for studying interactions of chemical species with surfaces [143].  The basic idea of 
TPD is illustrated in Figure 2- 3.  After molecules adsorb on the sample surfaces, samples are 
heated to elevated temperature and desorbed species are monitored by a mass spectrometer.  
TPD can be used to determine the activation energy for desorption which, in the absence of an 
activation energy for adsorption, corresponds to the binding energy between the absorbate and 
the adsorbent.  The relative sticking coefficient can be deduced from a series of desorption 
spectra with different initial doses.  TPD can also provide information about the kinetics of 
adsorption and desorption. The thermal desorption rate can be interpreted by an Arrhenius 
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formula, which assumes that the desorption rate constant, k, is independent of surface coverage, 
as follows; 
 
 
 
 
Where, -dθ/dt is the rate of desorption, kd is the rate constant, θ is the surface coverage, T is the 
temperature, t is the time, ν is the pre-exponential factor of desorption, and n is the desorption 
order.  Ed and R are desorption activation energy and ideal gas constant, respectively. By fitting 
the experimental peak shape, one may deduce the best values of energy, order and pre-
exponential factor. 
Zero order kinetics (n=0) are often indicative of desorption from a multilayer where the 
rate of desorption is independent of surface coverage.  A number of approximate methods of 
analysis have also been developed because they are rapid and easily formulated.  The leading 
edge analysis, developed by Habenschaden and Kpper [144], is a frequently used method for 
the interpretation of TPD peaks, especially for zero order desorption.  
First order kinetics is typical of monolayer or sub monolayer coverage of non-interacting 
surface species.  The rate of desorption during heating will change as a function of coverage.  In 
order to determine the kinetic parameters, it is convenient to refer to a simpler relationship 
derived by Redhead [145]. 
E = RTp (ln (νTp/β)-3.64) 
Where, Tp is the temperature at which the maximum desorption rate is achieved and β is the 
heating rate (dT/dt).  
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Figure 2- 3 Schematic of the temperature programmed desorption (TPD) experiment 
2.5 RESEARCH OBJECTIVES 
The overall goal of this study is to understand the fundamental phenomena involved in molecular 
adsorption on the surface of nanotubes, a new and important nanomaterial, and to optimize the 
adsorption process and operating conditions for effective pollution control.  Understanding 
molecular interactions with nanotubes is also likely to impact the usefulness of nanotubes as 
environmental sensors.  Infrared spectroscopy and temperature programmed desorption 
technique were combined in order to achieve this goal. 
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3.0 EXPERIMENTAL 
3.1 ULTRA HIGH VACUUM SETUP 
3.1.1 Infrared cell 
A stainless steel ultra high vacuum (UHV) cell (Figure 3- 1) was designed and constructed for 
the infrared study.  A turbo molecular pump (Leybold, Turbovac151) backed by a mechanical 
pump (Leybold, Trivac D4B) provided a 2 X 10-9 torr base pressure measured by a Bayard-
Alpert ionization gauge (10-10 -10-3 torr) via a controller (Stanford Research system, IGC100).   
A tungsten grid (Alfa Aesar, 100 mesh size), which provided 64% transmittance, was used as 
sample holder because of its high melting point, thermal conductivity and resistivity (see 
appendix A).  The grid was fixed onto nickel clamps which were connected to the copper wires 
of a power supply/thermocouple feed through which was mounted at the end of a liquid nitrogen 
dewar.  Constant temperature heating can be obtained by computer interfaced (Labview, 
National Instruments) power supply and a type K thermocouple (chromel-alumel) spot welded to 
the top of the tungsten grid.  With this setup, the tungsten grid can be cooled to 90 K with liquid 
nitrogen, and heated to 1400 K by resistive heating.  Uniform glowing of the sample was 
observed when the tungsten grid was heated above 1000 K suggesting even heat distribution on 
the sample.   
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Figure 3- 1 Vacuum cell for infrared spectroscopy 
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The sample holder is connected to a rotation stage (MDC) (~ 240 degrees rotation) and a 
Z translation stage (MDC) (1 inch vertical displacement).  The whole system is purged 
continuously with nitrogen.  A simple tube-like attachment[125] between the KBr windows of 
the cell to the optical opening of the infrared spectrometer provided a well controlled water and 
CO2 free environment for the IR beam path. 
Nanotubes suspended in solvent were deposited directly onto the top part of the tungsten 
grid to form a 1cm X 2cm rectangular film through a drop and dry method.   The nanotubes are 
very stable on the tungsten grid and cannot be completely removed even with sonication.  The 
amount of nanotubes was controlled to get an optical density (O.D.) of about 1 at ~ 2300 cm-1.  
Increasing the amount sample will increase the absorbance.  However, the number of IR photons 
reaching the detector will be decreased by adding more carbon nanotubes, so that detector noise 
can begin to dominate the signal.  1 O.D is selected as an optimal point compromise.  The lower 
part of the blank tungsten grid without nanotubes was used as a reference. 
The gas exposure is recorded as Langmuir (1L=10-6 torr s).  After the desired exposure 
has been reached, all the gases were pumped out from the chamber to the base pressure before 
the sample spectrum was taken. 
3.1.2 Temperature programmed desorption chamber 
A stainless steel ultra high vacuum (UHV) chamber (Figure 3- 2), pumped by a turbo molecular 
pump backed by a mechanical pump, provides a base pressure of 5 x 10-10 torr after bake out.  
Samples can be cooled lower than 100K by liquid nitrogen and heated up to1300 K with 2.5 K/s 
ramping rate.  A detailed description was provided previously [146-148].    
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Figure 3- 2 Vacuum chamber for temperature programmed desorption (TPD) 
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The SWNTs were dispersed in solvents by sonication. The nanotubes sample for TPD 
was made by depositing nanotubes on a W grid through drop and dry method.  Control 
experiment was performed on an identical W grid that could be independently heated, mounted 
in tandem in the UHV chamber. 
3.2 SAMPLE PREPARATION  
3.2.1 Activated carbon fiber 
Activated carbon fiber (ACF), which has relatively well defined structure, provides a simple 
model of industrial sorbents for this study.  The commercially available activated carbon fiber, 
ACF-25, used in this study was supplied by Nippon Kynol, Japan.  Fibers made by acid-
catalyzed cross-linking of melt-spun novolac resin to form a fully cross-linked, three-
dimensional, amorphous "network" polymer structure similar to that of thermo-setting phenolic 
resins.  KynolTM novoloid fibers are transformed into activated carbon fibers by a one-step 
process combining both carbonization and activation [149].  The specific surface area of the 
ACF was measured by nitrogen gas adsorption at 77K.  The adsorption measurements were 
conducted with Quantachrome Autosorb Automated Gas Sorption System (Quantachrome 
Corporation).  Before the adsorption test, the ACF samples were heated for 24 hours at 120oC 
with flowing nitrogen. 
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3.2.2 Single walled carbon nanotubes 
SWNTs produced by the HiPco process were obtained from Carbon Nanotechnologies 
Incorporated as an unpurified solid. Thermo Gravimetric Analysis (TGA) of this as received 
HiPco sample shows approximately 18 weight % (grams Fe/grams sample x 100%) of residual 
iron catalyst, in agreement with previous reports for these samples [150]. 
The as-received HiPco SWNTs were purified by a procedure reported in the literature 
[150].  This included flowing moist air (0.2L/min) through the sample for four hours at 498 K in 
a quartz tube furnace.  Then the nanotubes were sonicated in a 3M HCl solution for another 4 
hours.  After acid extraction, the nanotubes were filtered and rinsed with deionized water until 
the rinse water was pH neutral.  The sample was dried and dispersed in toluene by sonication.  
TGA of the sample shows that the residual Fe content is approximately 5 weight %. 
A second purification procedure was used for the HiPco sample which involved refluxing 
the as received HiPco material in 3M HNO3 for 8 hours; allowing the sample to sit unheated in 
the nitric acid overnight with continued refluxing for another 8 hours on the following day[132].  
The sample was then rinsed with deionized water until the rinse was pH neutral and the still 
damp sample was then dispersed in acetone.  TGA of this sample shows approximately 3 weight 
% of residual iron. 
SWNTs prepared by the laser ablation technique, were purchased from Tubes@Rice as a 
“Purified Grade” suspended in toluene.  They were called Rice Tubes in this study.  These tubes 
have been oxidized/purified by a nitric acid and sulfuric acid mixture by the manufacturer[151].  
TGA analysis shows that the residual metal content of this material is approximately 8 weight % 
of a 1:1 mixture of Ni and Co [152]. 
  25 
3.2.3 Adsorbates 
An adsorbate physical properties chart is shown in appendix B.   
The ammonia gas (AIRCO special gases), hydrogen sulfide gas (Matheson gas products) 
were used without further purification. 
Acetone used in this study was research grade and was degassed by freeze – pump – thaw 
cycle before dosing.  For freezing of acetone, a 195 K bath which lowers the temperature below 
freezing point of acetone (Tmelt = 239 K) was prepared with dry ice and acetone. MTBE, 
Hexanes, Toluene were research grade and were from Aldrich.  
3.3 TEMPERATURE PROGRAMMED DESORPTION  
A clean surface exposed to a gas at fixed pressure and constant surface temperature provides 
steady state condition.  Surface cleaning was accomplished by sample degassing.  Prior to TPD 
experiments, the sample was positioned to face the QMS and the QMS aperture was brought 
close to the sample (< 1mm). As the temperature was increased at a constant rate during the 
desorption cycle, the mass spectrometer was used to detect the type and the amount of species 
desorbing from the surface.    
In a typical degassing experiment, the sample was heated to a desired temperature at 5 
K/sec and separately evolved gas species were monitored by the QMS. The masses typically 
monitored were 16 atomic mass unit (amu), 18 amu, 28 amu and 44 amu, corresponding, for 
example, to gas compounds such as CH4, H2O, CO and CO2, respectively.  After degassing of 
the sample, the QMS shield was retracted to allow dosing.  Once the exposure (L) reached the 
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desired value, the QMS shield aperture was brought close to the sample and the sample was 
heated at a known rate (typically at 2.5 K/sec) while monitoring temperature and partial pressure 
of absorbate as a function of time.  
In a full spectrum temperature programmed desorption (TPD), the sample was heated to a 
desired temperature and every evolved gas species between 1amu to 100amu was monitored by 
the QMS.  In a full spectrum TPD, QMS scan speed was much faster than during the typical 
TPD.  The sample temperature increased 10 K during one spectrum scan at a heating rate of 2.5 
K/s. 
3.4 INFRARED SPECTROSCOPY 
The vacuum cell is positioned into the sample compartment of a Brüker Optics Tensor 27 series 
FTIR spectrometer.  A liquid nitrogen cooled MCT (HgCdTe) detector was used to record the 
infrared signal from the nanotube sample from 700 to 4000 cm-1 with 4 cm-1 resolution.  
Reference spectra were taken on the blank tungsten grid before the nanotube sample scans.  500 
scans were typically averaged for both background and sample.  During thermal annealing, 
unless otherwise mentioned, the sample was kept at the desired heating temperature for 2 
minutes.  Then the power was turned off and sample was allowed to cool to ~ 90 K slowly (in 
approximately 10 minutes).  Because this slow process possibly caused the adsorption of 
background gases onto the sample another heating step to 423 K, at 2 K/s, was required in order 
to get rid of physisorbed impurities.  Subsequent cooling to 90 K took 10 minutes.  Spectra were 
taken at 90 K after the second heating. 
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In order to show the spectra clearly, manual baseline subtraction was applied in the data 
analysis of this study using Brüker OPUS software.    The baseline was a series of straight lines.  
Difference between the FTIR spectra of raw materials and materials after thermal annealing 
revealed the changes in the peaks that were induced by heat treatment.  An example of baseline 
subtraction for the sample made by the laser ablation technique after a 700 K treatment is shown 
in Figure 3- 3. 
 
Figure 3- 3 Example of SWNT FTIR spectrum and baseline subtraction: Rice Tubes after 700 K 
treatment 
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3.5 FLUORESCENCE LABELING EXPERIMENT 
In order to identify and quantify functional groups on activated carbon fiber and nanotube 
surfaces, the fluorescence labeling of surface species (FLOSS) technique was applied.   Three 
chromophores with appropriate functionalities were selected to covalently label CHO, COOH 
and OH groups, respectively, as shown in Figure 3- 4. mM solutions of 1-pyrenemethylamine 
(95%, Aldrich) in ethanol (ACS grade, Pharmaco), triphenylmethylchloride in DMF (ACS grade, 
Baker) or 1-napthaleneethanol (99%, Aldrich) in acetonitrile (ACS grade, Fisher) were prepared 
for this study.  The reactions (between fibers or nanotubes and chromophores) for the first two 
chromophores were performed at room temperature for two hours.  The last reaction was 
performed by refluxing for two hours with catalytic amount of hydrochloric acid (CMOS grade, 
Baker). 
In order to differentiate the fluorescence signals of chemisorbed chromophores from 
physisorbed chromophores, control experiments, using unfunctionalized chromophores, i.e., 
naphthalene, triphenylmethane and pyrene instead of 1-1-napthaleneethanol, 
triphenylmethylchloride and pyrenemethylamine, were performed.  Post reaction cleaning 
following the chromophore grafting was performed by rinsing the sample several times with neat 
solvents used in each reaction to get rid of non-covalently bound molecules. 
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Figure 3- 4 Reaction schemes of covalent attachment of chromophores to different functional 
groups 
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The detection of fluorescence signals from fiber/nanotube surface was performed on a 
silicon wafer substrate.  The fiber/nanotube was dispersed in the reaction solvent after the post 
reaction cleaning.  They were deposited on a silicon wafer through the drop and dry method.  
Silicon wafers were previously cleaned with SC1 solution (NH4:H2O2:H2O, 1:1:4) at 80ºC for 45 
minutes.  Fluorescence measurements were performed on a Jobin Yvon Horiba Spex Fluorolog 3 
with 5nm band pass and 3 scan averages with samples oriented at a 45º incident angle.  Detection 
was accomplished using a photomultiplier tube (PMT).  Fluorescence signals for all samples 
were corrected for lamp fluctuations by recording the ratio of the sample fluorescence signal to 
the source reference photodiode. 
 
FLOSS depletion experiment After the reaction, the amount of pyrenemethylamine left in the 
reaction solution, instead of chromophores bound to the fibers, was determined using UV 
absorption at 324 nm.  The reacted fibers were rinsed four times with neat solvent and the 
supernatant solution was transferred to a volumetric flask every time by pipette after the fibers 
settled to the bottom of the reaction container.  In this manner, in principle, only chemisorbed 
chromophores were retained by the fibers. 
3.6 OTHER TECHNIQUES USED IN THE STUDY 
Raman Measurement   A Nicolet Almega Dispersive Raman System with a 532 nm excitation 
source was used to obtain the Raman spectra at NETL.  Samples were dispersed on a W grid.  
Estimated spectrum resolution is 6-10 cm-1 over the spectral range of 100-4000 cm-1.  A one 
second acquisition time, added over 30-50 acquisitions, was used for each Raman spectrum. 
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Boehm Titration   The titration method suggested by Boehm [153] was used to calculate the 
concentration of acid groups on the ACF surface under the assumption that NaOH neutralizes 
carboxylic, phenolic and lactonic groups; Na2CO3 neutralizes only carboxylic and phenolic 
groups; NaHCO3 only neutralizes carboxylic groups.   
About 0.2g of activated carbon fiber was mixed with 25ml solution (0.025N) of NaOH, 
NaHCO3, Na2CO3 and HCl respectively, for 24 hours with continuous stirring.  10ml of each 
filtrate was used for the excess acid and base titration by 0.025N NaOH and 0.025N HCl.  The 
phenolic group content on the carbon surface was determined as the amount of 0.025N NaHCO3 
consumed by the carbon sample.  Lactonic group content was calculated as the difference 
between the amounts of 0.025N Na2CO3 and 0.025N NaHCO3 consumed by the carbon. 
Carboxyl group content was obtained by subtracting the amount of 0.025N Na2CO3 consumed by 
the carbon from the amount of 0.025N NaOH consumed.  Multiple experiments were performed 
to determine the experimental error.  
 
X-ray photoelectron spectroscopy   X-ray photoelectron spectroscopy was performed on a 
Physical Electronics Model 550, equipped with a cylindrical, double pass energy analyzer.  The 
ACF sample was attached to a tantalum surface by a conductive silver paste (LADD Research 
Industries). 
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4.0 RESULTS AND DISCUSSION 
4.1 INFRARED STUDY OF THE FATE OF FUNCTIONAL GROUPS ON 
NANOTUBE SURFACES DURING THERMAL ANNEALING 
Stability of Oxygen Containing Functionalities during Vacuum Heating.  The infrared 
spectra of the as-received HiPco materials are shown in Figure 4- 1.   The broad peak around 
1700 cm-1 is assigned to the C=O vibration of carboxylic acid groups [154].  Features assigned to 
C=C vibrations around 1600 cm-1 and C-O bands around 1150 cm-1 are also seen in the spectrum 
before heating [154].  Heating the sample to 1300 K does not create any significant change in the 
infrared spectrum.  A similar result has been noted for this sample after vacuum heating to 700 K 
[132].   
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Figure 4- 1 IR peak evolution of as-received HiPco and air/HCl treated HiPco samples during 
vacuum heating 
Infrared spectra for the air/HCl treated HiPco samples do not show any significant 
differences from the as-received HiPco samples (Figure 4- 1).  This finding indicates that the 
air/HCl purification procedure does not introduce any detectable functionality onto the sample.  
The lack of functionality on the Air/HCl treated tubes is most likely a result of the mild oxidation 
temperature used during the air oxidation and the mild acid used to extract the residual catalyst.  
Vacuum heating of the air/HCl treated sample does not cause any observable change in the 
infrared spectra.   
The lack of functionalities in this sample is significant since the TGA results indicate that 
the air/HCl purification is as effective in reducing the metal content of samples as the other 
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purification method studied here, HNO3 oxidation.  It was also found that few changes in the 
Raman spectra (see below) of these samples after air/HCl treatments indicating that this 
purification step does not introduce defects in the nanotubes sp2 network of carbon.  The results 
on the air/HCl purified sample show that this procedure is highly effective in reducing metal 
impurities without the complication of adding functionalities or other types of defects as do other 
purification steps (see below). 
The infrared spectra of the nitric acid treated HiPco samples are shown in Figure 4- 2. 
The main infrared features of  Figure 4- 2 are assigned to C=O (~ 1770 cm-1), C=C (~ 1600 cm-1) 
and C-O (~ 1250 cm-1) vibrations [132].  As noted previously[132], the integrated intensity from 
these oxygen containing functionalities is about a factor of 20 higher than from what is seen in 
this spectral region for the as-received and air/HCl treated HiPco samples.  Since the absorbance 
of each sample was controlled at approximately 1 O.D. for all the samples around 2300 cm-1, this 
intensity increase cannot be easily accounted for by sample-to-sample variations of the film 
thickness.  Instead, it must be related to a higher density of functionalities in the HNO3 treated 
sample.  This high density of functionalities shows that the HNO3 refluxing done on these 
samples is an effective method of functionalizing SWNTs.    
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Figure 4- 2 IR peak evolution of nitric acid treated HiPco samples during vacuum heating from 
300 K to 1300 K.(inset shows the enlarged spectra for samples annealed to higher temperatures) 
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The functionalities, seen in Figure 4- 2, change drastically during thermal annealing.  The 
carbonyl band develops a shoulder around 1850 cm-1 upon heating to 423 K which was 
tentatively assigned to a C=O stretch in a cyclic anhydride group[155].  The temperature where 
this change occurs (above 423 K) suggests that the anhydride may form from the coupling of two 
carboxylic acid groups with the loss of H2O (dehydrolysis).  The formation of anhydride 
functionalities is likely when the reactant groups are near each other and these observations 
suggests a high local density of carboxylic acid groups on the HNO3 refluxed samples.  A report 
by Li [156] shows that the concentration of carboxylic acid groups is larger at the ends, the 
curves and the connecting regions of SWNTs bundles.   
The anhydride groups evidenced in Figure 4- 2 are only observed in the nitric acid treated 
HiPco sample.  Due to the six carbon ring structure of carbon nanotubes, the anhydrides should 
be cyclic in form, consistent with the peak seen at 1850 cm-1 in Figure 4- 2.  This compares with 
linear anhydrides which are expected to have carbonyl bands in the range from 1760-1820cm-1.  
The intensity of this 1850 cm-1 shoulder decreases with increasing temperature and ultimately 
disappears after 600 K.  
The other carbonyl peak at 1770 cm-1 in Figure 4- 2 also loses intensity upon heating and 
is completely diminished after 800 K.  This change is accompanied by a frequency shift from 
1770 cm-1 to 1752 cm-1.  The band at 1597 cm-1, associated with C=C bonds, decreases in 
intensity during heating and eventually evolves into a broad band at 1579 cm-1 which is typically 
associated with the IR active phonon of graphitic carbons [157].  Heating to 1300 K caused the 
C-O functionalities to decompose, as indicated by the dramatic reduction in absorbance around 
1200 cm-1, leaving behind a band at around 1138 cm-1.  An enlargement of the spectrum for the 
higher temperatures (from 1100 K to 1300 K) is shown as the inset of Figure 4- 2 to highlight the 
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residual peaks.  Most of the functionalities on this sample have been removed after 1300 K 
heating, as shown by the IR intensity decrease seen for this spectral region.   
The infrared spectra for the Rice Tubes produced by the laser ablation technique are 
shown in Figure 4- 3.  Carbonyl and carbon-carbon double bond peaks are seen between 1500 
and 1900 cm-1.  The spectra show a C-O peak at 1150 cm-1 and an unassigned region at ~ 1450 
cm-1 [157] .  Vacuum heating causes significant changes in these functionalities.  The whole 
process can be divided into three steps:    
1) In the first step (below 500 K), the spectra do not change significantly. Only a small 
intensity decrease was observed for the carbonyl peak (1744 cm-1) and the C=C peak (1610 cm-
1).  
2) In the second step (600 K to 1100 K), heating causes an intensity loss of the carbonyl 
peak which is accompanied by a frequency shift from 1710 cm-1 to 1678 cm-1 [154].  The peak at 
1610 cm-1 decreases in intensity revealing 3 peaks in this region at 1610, 1578, and 1556 cm-1.  
The 1610 cm-1 peak has previously been assigned to intercalated NO3-  [158].  However, this 
peak is not observed for the nitric acid treated HiPco samples in this study, which possibly 
should also have intercalated NO3-.   
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Figure 4- 3 IR peak evolution of Rice Tubes during vacuum heating from 300K to 1300K 
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The feature centered at 1578 cm-1 is similar to what is typically associated with the IR 
active phonon mode in nanotubes[157] and other C=C type vibrations.  The features at 1556 and 
1578 cm-1 start to merge at ~ 900-1100 K and form a single, broad band near 1580 cm-1.  A 
similar behavior for the merging of these 2 bands was observed in a previous IR study[157].  The 
single broad feature formed at 1580 cm-1 was assigned to the IR active phonon. [157]  
3) The third step, from 1100 to 1300 K, begins with an intensity decrease of the 1470 cm-
1
 peak.  A small decrease is observed for the relatively broad phonon mode at 1580 cm-1.  No 
significant change of the 1150 cm-1 peak occurs during the whole annealing process.  
One interesting result from this work is that many similarities were found in the infrared 
spectra of the Rice Tubes after a 1400 K treatment with spectra for the as-received and air/HCl 
treated HiPco nanotubes (Figure 4- 4).  This suggests that the heating step defunctionalizes the 
Rice Tubes producing a sample that is similar to the air/HCl purified and unprocessed HiPco 
samples.  A  previous study reported that heating of acid purified PLV (plasma laser 
vaporization) SWNTs produces C K-edge near edge X-ray absorption fine structure (NEXAFS) 
spectra which are very similar to those seen for unprocessed HiPco materials [43].  The 
NEXAFS result seems to agree with the infrared findings.  If indeed all the functionalities are 
removed, then the remaining IR features should be tentatively assigned to intrinsic IR modes of 
the SWNT.  Further experiments and calculations will be necessary to confirm this assignment. 
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Figure 4- 4 IR spectra of 1000-2000 cm-1 region for as-received, air/HCl treated, nitric acid 
treated HiPco and Rice Tubes after 1300 K/1400 K annealing 
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Ex-situ Raman spectroscopy was performed before and after the infrared experiments to 
check the integrity of the samples (Figure 4- 5).  The Raman spectra show G bands (~ 1400-1650 
cm-1) and radial breathing modes (RBMs) (< 350 cm-1) for each sample indicating that the 
overall SWNT structure is intact both before and after the infrared experiments.  Most of the 
changes with the G bands caused by purification and heating are subtle with the exception of the 
HNO3 treated HiPco sample which shows drastic broadening in comparison with the as-received 
HiPco sample.  This change was also noted in recent work[132, 159].  Associated with this is a 
drastic intensity increase in the D band near 1350 cm-1.  This D band intensity increase is 
consistent with the disruption of the sp2 network of the SWNT sidewalls and is likely caused by 
sidewall functionalization during the HNO3 oxidation step as evidenced in the infrared spectra of 
Figure 4- 2.  
 Overall, the Raman data presented in Figure 4- 5 shows conclusively, that the tubular 
structure of the samples is not disrupted by the purification or vacuum heating steps of the 
experiments.  This indicates that the IR spectra presented here likely occur from functionalities 
on the nanotubes and not on some other form of carbon impurity present in the sample. 
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Figure 4- 5 Raman spectra of G band and RBM mode (inset) for as-received, air/HCl treated, 
nitric acid treated HiPco and Rice Tubes both before (lower line) and after 1300 K/1400 K 
annealing (upper line) 
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Trapped CO2.  The IR detection of physically trapped CO2 which is generated by 
oxygen containing functional groups during the thermolysis of nanotubes has been reported [132, 
154].  The entrapment of CO2 was suggested to involve the rearrangement of functionalities at 
defect sites as they decompose, locking the generated CO2 into endohedral and interstitial pores 
in the bundle[132, 154] .  Rearrangements of the bundle itself due to the annealing effect of 
vacuum heating were also suggested to play a role [132, 154] .  
The ν3 modes for trapped CO2 are expected to be in the region of 2330 cm-1  [132, 154].  
The spectra of this region for as-received HiPco and lightly oxidized HiPco samples following 
thermal treatment did not show any peaks attributable to trapped CO2.  Since oxygen containing 
functionalities are responsible for the evolution of carbon dioxide, the lower degree of 
functionalities on these samples may not be capable of generating trapped CO2 in amounts that 
can be detected by infrared spectroscopy [132, 154] . 
For the nitric acid treated HiPco sample, a peak attributable to trapped CO2 peak is seen 
at 2329 cm-1 just after heating the sample to 423 K (Figure 4- 6).   The peak intensity increases 
with each heating step, reaching a maximum at 700 K.  Above 700 K, the CO2 peak decreases, 
presumably because this trapped species starts to be released from the nanotubes.  No trapped 
CO2 was detected after 1100 K treatment.  The data shows that the peak intensity changes were 
accompanied by a frequency shift from 2329 cm-1 at 423 K, to 2334 cm-1 between 500 and 800 K 
and finally to 2338 cm-1 between 900 K and 1000 K.  The peak around 2330 cm-1 has been 
tentatively assigned to CO2 trapped in endohedral sites [132, 154].  
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Figure 4- 6 IR spectra for the trapped CO2 created from the decomposition of functionalities on 
nitric acid treated HiPco samples 
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The fate of the trapped carbon dioxide in the Rice Tubes during heating cycles is shown 
in Figure 4- 7.  The integrated IR absorbance associated with trapped CO2 (Figure 4- 8) gives 
two maxima around 700 and 1100 K.  The appearance of trapped CO2 can be correlated with the 
decomposition of oxygen containing functionalities as shown by the IR intensity decrease 
between 1000 cm-1 and 2000 cm-1 (Figure 4- 8).  Previous infrared and temperature programmed 
desorption  work has seen a maximum in functional group decomposition between 623 and 723 
K which is consistent with the results presented in Figure 4- 7 and Figure 4- 8 [157].  
 
Figure 4- 7 IR spectra for the trapped CO2 created from the decomposition of functionalities in 
Rice Tubes 
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Figure 4- 8 The integrated intensity of peaks from 1000-1 to 2000 cm-1 (in Figure 4-6 ) and 
trapped CO2 peaks (in Figure 4-7) for Rice Tubes during thermal annealing from 300 to 1400 K 
In Figure 4- 7, the ν3 mode at 2330 cm-1 has been attributed to CO2 in endohedral sites 
[132, 154].  There is a high energy tail extending up to 2340 cm-1 which indicates that other 
adsorption sites might be populated.  The peak at 2340 cm-1 has been attributed to CO2 trapped in 
large interstitial spaces [132, 154].  Even after a 1400 K annealing, CO2 is not completely 
removed from the Rice Tubes, suggested that there is a high energy barrier preventing its release.  
It has been suggested that steric rearrangements of functionalities responsible for generating the 
trapped CO2 are responsible for locking it into the nanotubes[132, 154].  These functionalities 
could provide such a barrier. 
 
Summary and Conclusions  The following is a summary of the main findings of this study. 
1) Nitric acid oxidation/purification generates functionalities and defects sites on 
nanotube surfaces.  Vacuum heating decomposes most of those groups.  The as-received HiPco 
2.0
1.5
1.0
0.5
0.0
Pe
a
k 
a
re
a
 
(a.
u
.
)
140012001000800600400
Temperature (K)
80
60
40
20
0
x10
-3
 
Trapped CO2 
Functionalities
  47 
sample has less functionality than the nitric acid treated HiPco sample.  Nitric acid refluxing is a 
highly effective method of functionalization.    
2)  Vacuum heating of nitric acid treated HiPco sample appears to lead to the formation 
of cyclic anhydride groups as indicated by the appearance of spectral features in the 1850 cm-1 
region.  The cyclic anhydride group decomposed and ultimately disappeared after thermal 
annealing to 600 K.   
3) Air/HCl treatment is a relatively mild purification method.  The iron content decreased 
from 18% to 5% after purification.  But there is not much difference between as-received and 
air/HCl treated HiPco infrared spectra.  This shows that the air/HCl purification is highly 
effective in reducing metal impurities without the complication of adding functionalities or other 
types of defects as do other purification steps. 
4)  There are many similarities in the infrared spectra of the Rice Tubes after a 1400 K 
treatment with spectra for the as-received and air/HCl treated HiPco nanotubes. 
5)  The drastic increase in the D band near 1350 cm-1 for nitric acid treated HiPco 
spectrum is consistent with the disruption of the sp2 network of the SWNT sidewalls caused by 
the HNO3 oxidation step.  Thermal annealing under vacuum condition leads to a recovery of the 
as-received tube character.  
6)  The RBM data show that the tubular structure of the nanotube samples is not 
disrupted by the purification or the vacuum heating steps of the experiments. 
7) The trapped CO2 is completely released from nitric acid treated HiPco after 1100 K 
treatment.   However, the existence of CO2 in Rice Tubes after 1400 K treatment suggests the 
existence of high energy desorption barrier and the obvious influence of production methods and 
purification process on their adsorption abilities.   
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4.2 FLUORESCENCE LABELING OF SURFACE SPECIES ON CARBON 
MATERIAL SURFACES 
4.2.1 Detection of low concentration oxygen containing functional groups on activated 
carbon fiber surfaces through fluorescent labeling 
Fluorescent labeling of surface functional groups  The presence of COOH groups on fiber 
surface is indicated in the data shown in Figure 4- 9.  The dominant peak near 340nm is 
associated with monomer emission of naphthaleneethanol[82]. One open question was whether 
this peak came from chemisorption (naphthaleneethanol that reacted with COOH group) or from 
non-specific physisorption of chromophores on the fiber surface.  Estimation of residual, non-
specific adsorption on the fiber surface was made by repeating the functionalization experiment 
with unsubstituted naphthalene.  The spectrum from this control is also shown in Figure 4- 9 
(dashed line).  The absence of a monomer peak at 340 nm for the fiber mixed with naphthalene 
suggests that the peak in the spectrum of naphthaleneethanol reacted sample really corresponds 
to chemisorbed chromophores.  The low intensity of the dimer emission peak at 410-420 nm 
suggests little or no chromophore aggregation on the surface, which is consistent with the 
FLOSS result that the concentration of COOH groups is very low.  The lack of a dimer also 
suggests that the naphthaleneethanol does not cluster and therefore that COOH groups are 
isolated, i.e., they are further than 3.3Å away from each other on average[160].  
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Figure 4- 9 FLOSS for COOH groups. Emission spectra of naphthaleneethanol (solid), 
naphthalene (dashed) reacted activated carbon fiber on silicon and bare silicon (dotted line) 
The fiber used in this study was derived from a phenol-aldehyde polymer.  It is 
reasonable to expect residual aldehyde groups from the raw material.  The presence of CHO 
groups on the fiber surface is revealed by the fluorescence spectra that resulted from covalent 
attachment of 1-pyrenemethylamine to CHO, as shown in Figure 4- 10.  The dominant peak near 
398nm is associated with monomer fluorescence[82].  The lack of emission peak at 398nm for 
physisorbed-unfunctionalized chromophore (pyrene) suggested that the peak in 1-
pyrenemethylamine spectrum is from chemisorbed fluorophores.  
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Figure 4- 10 FLOSS for CHO groups. Emission spectra of pyrenemethylamine (solid), pyrene 
(dashed) reacted activated carbon fiber on silicon and bare silicon (dotted line) 
The detection of OH was performed using triphenylmethylchloride, which is known to 
react with hydroxyl groups[82]. The fluorescence spectra for fibers exposed to 
triphenylmethylchloride are shown in Figure 4- 11.  The fibers exposed to non-functionalized 
chromophore (triphenylmethane) showed almost the same signal level (Figure 4- 11).   
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Figure 4- 11 FLOSS for OH groups. Emission spectra of triphenylmethylchloride (solid), 
triphenylmethane (dashed) reacted activated carbon fiber on silicon and bare silicon (dotted line) 
XPS and IR data   XPS was used to detect functionalities on activated carbon fiber 
surface.   The difference in binding energies for atoms in various environments is very small and 
deconvolution of the peaks is necessary to analyze XPS data[58] [161]. The curve fitting and 
deconvolution of C1s region XPS spectra of ACF 25 are shown in Figure 4- 12.  The dominant 
peak at 284.8 eV was assigned to graphitic carbon in the fiber[63, 68, 161]. However, the 
asymmetric shape of the peak suggests the existence of another peak as shown in the 
deconvolution.  The 286.2 eV peak was assigned to the carbon in -C-O- structures[63, 68, 161]. 
The binding energy of carbon in carbonyl groups is 287.5~288.1eV[68].  No obvious evidence of 
carbonyl groups was detected in the C1s XPS.  
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Figure 4- 12 C1s XPS spectrum of activated carbon fiber ( is experimental data; Solid line is 
fitted experimental data; dotted line is 284.8eV peak; dashed line is 286.2eV peak) 
The O1s feature shown in Figure 4- 13 is composed of two peaks.  One is at 533.4eV, 
which corresponds to oxygen in -C-O- groups[161].  The smaller peak with higher binding 
energy of 535.6 eV was assigned to chemisorbed oxygen and/or oxygen in the remaining fiber 
moisture[68].  The oxygen double bond carbonyl peak was expected to be at 530.4-530.8 eV[68].  
Existence of carbonyl groups, that could either be characteristic of aldehyde or carboxylic acid 
functionality, could not be detected by XPS in this case.  
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Figure 4- 13 O1s XPS spectrum of activated carbon fiber (o is experimental data; solid line is 
fitted experimental data; dotted line is 533.4eV peak; dashed line is 535.6eV peak) 
The infrared spectrum from 1100 to 1800 cm-1 shown in Figure 4- 14 does not reveal any 
evidence of carbonyl groups (usually in the 1700 cm-1 region) on the fiber surface[66, 162].  The 
IR results are in good agreement with XPS results.   The peak in the 1200-1250 cm-1 region was 
associated with ether type structures (C-O-C). Peak at 1500-1600 cm-1 region is assigned to 
aromatic C=C band and various substitution modes of the aromatic ring [162].  The amount of 
fiber used for the transmission IR experiment was limited by the high absorbance of carbon 
materials [58] and loss of light due to scattering process.  While more ACF would have resulted 
in a greater fractional IR absorbance, loss of light due to scattering would render the experiment 
detector noise limited.  
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Figure 4- 14 IR spectra of activated carbon fiber in the range of 1100-1800 cm-1 
Quantification of functional groups by FLOSS  Quantification of functional groups by 
FLOSS (+/-20%) was carried out by establishing a calibration curve formed by measuring the 
peak fluorescence intensities for known amounts of chromophores on a silicon surface which 
was covered by a self-assembled monolayer of alkylsiloxane[82].  The error was determined by 
the multiple experiments performed for the calibration curve.  It was assumed that the functional 
groups are homogeneously distributed on the fiber surface and that the fiber is homogeneously 
distributed on the silicon wafer.  Fibers exposed to naphthaleneethanol gives a signal of 60000 
counts/second in Figure 4- 9, which corresponds to 8.65×1011 COOH groups/cm2 of fiber surface 
based on the calibration curve provided in the previous paper[82].  The results are determined 
knowing the mass of ACF deposited on the Si wafer, typically ~5 g, and the specific surface 
area of this sample (1950 m2/g).  Fibers reacted with functionalized pyrene molecules gave a 
signal of 340000 counts/second (Figure 4- 10) which corresponds to 1.33×1012 CHO groups/cm2 
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of fiber surface.  Similar calculations were performed for OH groups.  The signal level shown in 
Figure 4- 11is 18000 counts/second at 400 nm where the triphenylmethane emission peak is 
supposed to be.  The intensity is close to the zero level on the calibration curve[82].  Therefore, 
the concentration of the OH group on the fiber was below the present detection limit of FLOSS 
(~1010 molecules/cm2). 
In order to compare the number of functionalities determined by FLOSS with data from 
another independent technique, FLOSS depletion experiments were performed.  UV spectra of 
the supernatant of the pyrenemethylamine solution before and after reaction with the ACF are 
shown in Figure 4- 15.  The reaction induced change in solution absorbance at 324 nm is 0.47 
O.D., corrected for scattering from residual fiber ~ 0.07 O. D..  The molar extinction coefficient 
of pyrenemethylamine at 324 nm was determined by the UV absorbance to be 26500 mol-1·L·cm-
1
.  The amount of chromophore reacted with fibers was determined to be 1.56×1012 (+/-15%) 
molecules/cm2 of fiber surface, corresponding to a density of aldehyde groups on the fiber 
surface of about 1.56×1012/cm2.  This number is in good agreement with the data determined by 
FLOSS, which is 1.33×1012 /cm2.   
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Figure 4- 15 UV-Vis spectra of pyrenemethylamine solution before and after reaction 
The Boehm titration results (+/-7%) shown in Table 4- 1 suggest that there are 1.05×1013 
carboxyl groups/cm2 of fiber surface and 3.11×1013 carbonyl groups/cm2 of fiber surface.  The 
total acid determined by the Boehm titration includes phenolic, lactonic, carboxylic and carbonyl 
groups[75].  Since the precursor of the fiber is a phenol-aldehyde polymer,∗  it is likely that the 
carbonyl groups determined by Boehm titration correspond to aldehyde groups.  Compared with 
Boehm titration, FLOSS underestimated the total amount of both COOH (8.65×1011 vs 
1.05×1013) and CHO (1.33×1012 vs 3.11×1013) groups on the fiber surface.  Several issues could 
contribute to this discrepancy.  First, the narrowest diameter of chromophores, as calculated by 
the Chemsketch software (Advanced Chemistry Development Inc.), is around 10 Å for 
naphthaleneethanol molecule.  This neglects solvent shell that might be necessary for reaction.  
                                                 
∗
 http://www.kynol.com 
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While the pore size distribution analysis suggest that pores larger than 10 Å account for less than 
50% of the total surface area as shown in Figure 4- 16.  Thus not all the functional groups were 
accessible to the chromophores while the bases used in Boehm titration are small enough to 
diffuse into most micro pores.   
Figure 4- 16 Pore size distribution and cumulative pore volume of ACF 25 
The pores of fibers are important in applications that involve separations for example.  
However, for many other applications, e.g. composite material formation, the larger pores and 
external surface are the key components.  The sensitivity of FLOSS to these surfaces provides a 
unique application to FLOSS.  The aldehyde groups determined by pyrenemethylamine are 
expected to be even more underestimated compared with carboxylic acid groups, which are 
determined by naphthaleneethanol, because pyrenemethylamine is larger than 
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naphthaleneethanol.  Therefore, it is reasonable to expect that the FLOSS data would give lower 
values than the Boehm titration approach for the analysis of COOH group.   
Table 4- 1 Surface acidic functional groups of activated carbon fiber determined by 
Boehm titration 
 
 
Summary and Conclusions  FLOSS is an effective method to detect and quantify low 
concentrations of functional groups on carbon surfaces, especially when IR and XPS data are not 
conclusive regarding the existence of COOH and CHO groups.  The presence of COOH and 
CHO groups was indicated by the fluorescence signal from covalently bound chromophores.  
The surface concentration of OH groups was estimated at less than 1010 molecules/cm2 of fiber 
surface.  Compared with other methods, i.e. Boehm titration, FLOSS is highly surface sensitive 
and is valuable for determining specific functional groups,.  FLOSS is not limited to COOH, 
CHO and OH groups studied here.  Other groups can be detected by selection of suitable 
chromophores.   
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4.2.2 Fluorescence labeling of surface functional groups on single walled carbon nanotube 
surfaces  
Fluorescence detection of functional groups  FLOSS technique was applied to determine 
COOH group on single walled carbon nanotube surface.  Fluorescence spectra were recorded 
from 320nm to 480nm for naphthalene molecules. The presence of naphthalene molecules on 
both as-received and purified HiPco SWNTs was revealed in Figure 4- 17 with the dominant 
monomer peak was at 340nm and dimer peak at 430nm, respectively.  One open question was 
whether this peak came from chemisorption, i.e., naphthaleneethanol molecules reacted with 
COOH groups, or from physisorption of chromophore on the surface.   
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Figure 4- 17 Emission spectra of naphthalene on purified and as received HiPco 
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The estimation of residual, non-specific adsorption was attempted made by adsorbing 
unsubstituted naphthalene to the fiber surface, which is also shown in Figure 4- 17.  The absence 
of obvious peaks for the nanotubes mixed with naphthalene suggests that the peak for 
naphthaleneethanol corresponded to chemisorbed chromophores alone.  
The spectra in Figure 4- 17 provide evidence of the existence of COOH groups on both 
as-received and purified HiPco SWNTs.  For both nanotube samples, two peaks are visible at 
340 and 420 nm, representing monomers and dimers in the spectra. The dimer peak suggests a 
high local concentration of fluorescence molecules, i.e. a heterogeneous distribution of 
fluorescence molecules, and therefore COOH functional groups.  It is well known that most of 
the functional groups on nanotubes surface exist on defects sites which are unlikely to be 
homogeneously distributed on the surface. These results are in a goon agreement with previous 
studies.  After purification, the monomer intensity didn’t change and the enhancement of dimer 
peak was observed.   Because same amount of nanotubes were put for these two samples, the 
COOH group concentration increased after purification.  According to the source of the dimer 
peak, the increasing of dimer peak should come from the increasing of the local concentration of 
COOH groups.  That means new COOH groups typically form near the existing COOH groups 
i.e. near existing defects sites  It is commonly accepted to understand that the defects are easier 
to be attacked than perfect structure.[163]   
The presence of CHO groups is revealed by the fluorescence signal of pyrene Figure 4- 
18. The concentration of CHO groups on as-received is too small to be detected by fluorescence 
labeling. OH groups were barely observed on as-received nanotubes, as shown in Figure 4- 19.  
Both CHO and OH groups are introduced during the purification process as revealed by both 
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monomer peak at 395nm and dimer peak at 418nm of pyrene molecules in Figure 4- 18 and the 
monomer peak of triphenylmethane at 410nm in Figure 4- 19.    
50x103
40
30
20
10
0
Em
iss
io
n
 
in
te
n
si
ty
 
(c/
s)
450440430420410400390380
Wavelength (nm)
 pyrenemethylamine on purified HiPco
 pyrenemethylamine on as-received HiPco
Excitation wavelength: 342nm
 
Figure 4- 18 Emission spectra of pyrenemethylamine on purified (solid) and as-received (dashed) 
HiPco 
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Figure 4- 19 Emission spectra of triphenylmethylchloride on purified (solid) and as-received 
(dashed) HiPco 
These results lead us to draw a rough picture for the purification process.  HiPco 
nanotubes were made by the catalytic decomposition of CO at high pressure and temperature.  
Iron particles remain as the catalyst of production.  There are COOH groups and negligible 
amounts of CHO and OH groups on as-received HiPco SWNT.  After purification, 90% of the 
iron was removed due to the acid extraction. Functional groups appear on the defects sites from 
the flowing of moist air.  It is also reported [137] by other group that oxygen-based functional 
groups (detected by XPS) were introduced to the nanotube surface by either a one-step 
purification process with HCl-washing or a two-step process with HCl-washing after air 
oxidation.   
Because of its higher purity, HiPco SWNTs are studied by more and more nanotube 
researchers [164-167]  reported that single-walled nanotubes produced by the HiPco process, and 
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not treated with oxidizing acids, exhibit an O/C ratio of 1.9% and do not exhibit either pi*(CO) 
or sigma*(CO) resonances at the detection limit of NEXAFS.  Low concentration of functional 
groups on the as received nanotube surface set a challenge to the detection technique.  FLOSS is 
an effective method from this point of view. Moreover, it gave additional information on the 
morphology of the groups on the nanotube surface.  
 
Summary and Conclusion  FLOSS has been proved as an effective tool for detection of oxygen 
containing functional groups on as-received and purified HiPco SWNTs.  FLOSS revealed the 
existence of COOH groups on as-received sample while concentrations CHO and OH groups 
were under the present detection limit. Purification processes introduced more groups to purified 
nanotubes.  Moreover, FLOSS showed that the functional groups are distributed heterogeneously 
on the nanotube surface.  New functional groups favorably grew on the defects sites through 
purification process, which was revealed by the increase of dimer peak in fluorescence spectra.   
4.3 AMMONIA ADSORPTION ON, AND DESORPTION FROM NANOTUBES 
SWNTs have been suggested as the basis of novel monitoring technologies and devices for 
pollutant detection. [168]  Understanding the interaction between small molecules, such as H2, 
Xe, CO2, NH3 and NO2[132, 169-172] and nanotubes will help to reveal the mechanisms of 
molecular sensing.  Of particular interest is ammonia, one of the first species shown to affect 
SWNT conductivity. [28] 
The interaction of ammonia with SWNTs is somewhat controversial. Ammonia was 
shown to dramatically change the electrical resistance of semi-conducting SWNTs by Kong et al. 
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[28]  Recently, infrared and temperature programmed desorption (TPD) were used to study the 
interaction of ammonia with heterogeneous bundles of as-received HiPco nanotubes at room 
temperature. [172]   The authors reported that ammonia adsorbed on nanotubes at room 
temperature and could be thermally desorbed with a broad TPD peak around 430 K, indicative of 
a strong interaction[172]  Valentini et.al also found that the increase of the electrical resistance of 
SWNT sensors when exposed to a mixture of interfering gases, NH3, ethanol as well as 80 % 
relative humidity, at different operating temperatures between 25 and 250 oC. [173] Because of 
the presence of multiple gases, the interaction of specific molecules, e.g. ammonia, with the 
nanotubes was unclear.  On the other hand, it is suggested that the interaction of ammonia with 
nanotubes is environment (humid) sensitive. [174] 
In apparent contrast, several theoretical studies showed that ammonia molecules bind to 
carbon nanotubes via physisorption. [171, 175, 176]  Only weak electron charge transfer (~0.03 
electron) was reported. [175] 
The apparent conflict about whether the interaction between ammonia and nanotubes is 
chemisorption or physisorption, weak or strong as reported by different research groups 
motivated us to investigate the influence of sample preparation methods, purification and 
oxidation processes on the properties of nanotubes.  New theoretical studies were performed by 
the collaborators at Emory of ammonia adsorption on pristine, defect, and oxidized tubes. 
In this work the IR investigation of ammonia adsorption on SWNTs and the sensitivity to 
the presence of functional groups or defect sites on the nanotubes was reported.  The weak 
interaction between nanotubes and ammonia molecules is suggested by the observation of 
complete desorption above 140 K.  Theoretical studies indicate very weak adsorption of 
ammonia to defect-free and defective nanotubes containing missing carbon atoms, but stronger 
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interaction with oxidized tubes.  No adsorption is observed by infrared spectroscopy at room 
temperature with up to 80 torr ammonia dosing pressure.  This work suggests that the sensitivity 
of nanotube gas sensors may be enhanced through functionalization (particularly oxidation) and 
defect generation. 
Computational modeling of NH3 adsorption on nanotubes was performed at Emory with 
the self-consistent charge density functional tight binding method (SCC-DFTB). [177]  This 
method has been successfully employed for instance in the description of DNA strands [178] and 
the formation mechanism of fullerene cages from randomly oriented ensembles of C2 
molecules[179]  To capture weak dispersion forces occurring in physisorption, a Heitler-London-
term was added to the SCC-DFTB energies and gradients following the methodology described 
in Ref. . [178, 180]  A methodological comparison was presented between SCC-DFTB and ab 
initio MP2 and CCSD (T) results of Bauschlicher et al. 11 for simple ammonia-benzene and 
ammonia-coronene systems. 
Ammonia adsorption on HNO3-treated HiPco nanotube surface  An infrared 
spectrum of ammonia adsorbed on HNO3-treated nanotubes at 94 K (Figure 4- 20) shows four 
main additional peaks overlapped on the spectrum of the nanotubes.  The strong band at 3376 
cm-1 is assigned to the N-H asymmetric stretch. [181]  The symmetric stretch peak at 3290 cm-1 
is very weak. [181] A shoulder is present on this feature at lower frequency.  The N-H bending 
vibration at 1651 cm-1 is weak[181]  The umbrella mode (symmetric deformation) [181] splits 
into multiple peaks (1057, 1105 and 1116 cm-1) with the strongest at 1057 cm-1.  
The frequencies of vibrational modes of ammonia adsorbed on C60 at 170-180 K, [181] 
on carbon nanotubes at room temperature [172] and 94 K (present work) are compared with gas 
phase[181] and condensed phase ammonia[182] in Table 4- 2.  Except for the bending mode, all 
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other modes of ammonia adsorbed on nanotubes at 94 K show similar frequencies and shift 
trends with ammonia adsorbed on C60 compared with gas phase modes.  In the C60 work, [181] 
the authors attributed the peak shoulders to ammonia molecules adsorbed in different, less 
abundant sites on C60.  The splits (umbrella mode) and shoulder (symmetric stretch) of different 
bonds in Figure 4- 20 can possibly be associated with different adsorption sites on nanotube 
bundles, such as interstitial and endohedral sites, as suggested for other species interacting with 
SWNTs. [132] 
 
Figure 4- 20 FTIR spectra of HNO3-treated HiPco SWNTs before and after adsorption of 
ammonia at 94 K (Exposure = 5,000 L). Samples were subjected to 900 K thermal annealing 
prior to experiments 
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Table 4- 2 Vibrational modes and frequencies (cm-1) for ammonia adsorbed on C60 [181] and 
nanotubes [172] compared with gas phase [181] and condensed phase ammonia [182] 
 
The infrared spectra of nanotube surfaces dosed with increasing ammonia exposure at 94 
K are shown in Figure 4- 21.  Ammonia is detectable at 30 L exposure in this study.  The 
reported surface areas of the HiPco nanotubes are in the range from 300 to 900 m2/g. [36, 183, 184]  1 
Langmuir exposure only results in at most 0.004 monolayer on the 0.09 mg sample.  The larger 
the specific surface area the lower the coverage will be at a given exposure.  No significant 
frequency shift (< 2 cm-1) is observed from the lowest detectable coverage (30 L) to highest 
exposure (5000 L) in this study.  The frequencies are near the condensed phase ammonia 
vibration mode positions, [182]  suggesting that the interaction energy between nanotubes and 
ammonia molecules is similar to the ammonia intermolecular interactions, and not indicative of 
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chemisorption.  It was also reported that the NH3-NH3 interaction was similar in magnitude to 
the NH3-graphite interaction. [185] 
 
Figure 4- 21 FTIR spectra of HNO3-treated HiPco samples with ammonia exposure 0-100 L. 
The samples were heated to 500 K in vacuum before ammonia exposure at 94 K 
In order to investigate the strength of ammonia adsorption, the following series of experiments 
were performed. After 500 L ammonia exposure, the sample was flash heated (at about 3 K/s) to 
the desired temperature and then cooled down to 94 K.  A FTIR spectrum was taken after every 
flash heating.  The quantity of adsorbed ammonia, revealed by observing asymmetric stretch 
(~3376 cm-1) in Figure 4- 22, remains approximately constant up to 120 K.  By 140 K, however, 
all the ammonia appears to have desorbed. 
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Figure 4- 22 Ammonia desorption infrared spectra from HNO3-treated HiPco. Spectra recorded 
at 94 K after flashing to successively higher temperatures indicated by label on each spectrum. 
The samples were heated to 500 K in vacuum before ammonia exposure at 94 K (Initial 
ammonia exposure=500 L) 
The desorption energy is estimated to be ~30 kJ/mol according to Redhead analysis 
assuming the maximum desorption temperature is 120 K, a first order process and a pre-
exponential factor of 1013 s-1. The desorption energy varied from 28 kJ/mol to 35 kJ/mol when 
the maximum desorption temperature vas varied from 120 K to 130 K and the pre-exponential 
factor was varied from 1012 s-1 to 1014 s-1. [145]  These values of the desorption energy suggest 
that the ammonia interaction with SWNTs is physisorption rather than chemisorption. {[171, 
174, 175] 
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The apparent desorption of ammonia from HNO3-treated HiPco SWNTs at < 140 K, 
while revealing a physisorbed state, does not exclude the possibility of a chemisorbed state.  It is 
possible that a chemisorbed state exists but can only be populated at higher temperature and 
pressure because of an activation barrier to chemisorption. To address this issue ammonia was 
dosed to HNO3-treated HiPco samples (after 500, 900 and 1300 K treatment) at pressures up to 
10 torr at room temperature.  No feature associated with ammonia vibrational modes larger than 
1 milli. O.D. is observed (Figure 4- 23).  
 
Figure 4- 23 Infrared spectra of ammonia adsorption on nitric acid treated HiPco samples at 
room temperature. Tubes were subjected to 500, 900 and 1400 K thermal annealing prior to 
experiments, as indicated in the figure.  Ammonia pressure was 10 torr and exposure time was 15 
minutes (Solid line is before ammonia exposure and dashed line is after exposure) 
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In addition to the infrared study, a temperature programmed desorption (TPD) study of 
nanotube samples dosed with ammonia at room temperature was also performed.  The HNO3-
treated nanotube samples were exposed to 15 L ammonia at room temperature.  There is no 
obvious peak of both 2 (H2) and 17 (NH3) amu species monitored from room temperature up to 
650 K (Figure 4- 24).  In conclusion, as discussed above, that no significant ammonia adsorption 
occurs at room temperature, consistent with a lack of chemisorption interaction between 
ammonia and nanotubes.  
 
Figure 4- 24 Temperature programmed desorption (TPD) spectra of nitric acid treated HiPco 
nanotubes exposed to ammonia at room temperature.  Exposure amount is 15 L.  2 amu is H2 and 
17 amu is NH3 
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The lack of ammonia adsorption at room temperature is not inconsistent with CNT 
sensitivity to ammonia.  A simple estimate of the equilibrium coverage, when the adsorption rate 
(flux of ammonia molecules from gas phase) equals the desorption rate, can be made. [186]  At 
room temperature, assuming a pre-exponential factor for desorption of 1013/s, a unity sticking 
coefficient and a desorption energy of 30 kJ/mol, 1 ppm ammonia (0.76 mtorr) results in an 
equilibrium coverage of about 10-5 monolayer of ammonia.  While this coverage is beyond the 
infrared detection limit, it may be sufficient to modulate CNT conductivity.  If the binding 
energy is 12 kJ/mol, as estimated for pristine CNTs (see theory below), the surface coverage at 
1ppm ammonia is about 10-8 monolayer of ammonia. 
In contrast to the results presented above, Ellison et al. found that ammonia adsorbed 
strongly on as-received HiPco at room temperature when the backfilling pressure was 50 torr. 
[172]  This discrepancy could arise from the different sources of the nanotube materials, 
different purification methods and differences in experimental procedures.  In an attempt to 
address these differences, a number of additional experiments were performed.  (a) Ammonia 
adsorption was investigated on as-received, nominally untreated HiPco SWNTs with an 
ammonia dosing pressure of 80 torr, estimated from the measured decrease of ammonia in the 
gas line and the known volumes of the chamber and gas line. (b) The influence of water vapor 
(by introduction of water vapor into the chamber during ammonia adsorption), adsorption 
temperature (by keeping the sample at 425 K during ammonia exposure) and nanotube vacuum 
pre-treatment temperature (373 K and 725 K) were also evaluated.  Under all the evaluated 
conditions, no peak greater than 1 milli. O.D., the noise level, appears in the infrared spectra 
(Figure 4- 25).  As with the HNO3-treated HiPco tubes, no evidence of ammonia adsorption at 
room temperature, within the sensitivity of these experiments, is observed. 
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Figure 4- 25 Infrared spectra of ammonia adsorption on as received HiPco samples at room 
temperature under various conditions as shown in each spectrum. Ammonia pressure is 80 torr.  
Exposure time is 1 to 2 hours (Solid line is before ammonia exposure and dashed line is after 
ammonia adsorption) 
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Influence of annealing on NH3 adsorption  The effect of annealing of nanotube 
samples, from 500 K to 1400 K, on the adsorption of ammonia is shown in Figure 4- 26.  In 
order to show the results clearly, a normalized enlargement of the ammonia asymmetric stretch 
region is shown in the inset.  The decrease in the peak intensity, for constant exposure of 
ammonia, reveals a decrease of ammonia sticking probability as the annealing temperature of the 
surface increases.  The asymmetric stretch peak intensity is completely suppressed after 1400 K 
treatment. 
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Figure 4- 26 Infrared spectra of ammonia adsorption on HNO3-treated HiPco at 94 K after 
thermal annealing of SWNTs to successively higher temperatures (Ammonia exposure=200 L) 
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High temperature annealing has been reported to be an effective method to heal defect 
sites and recover the pristine tubes[33, 187-189]  Raman spectra showed that vacuum thermal 
annealing decreased the defects (D band near 1350 cm-1) intensities. [187] Most theoretical 
works use pristine tubes as simulation models.  So it is more reasonable to compare theoretical 
results with experimental values from tubes similar to pristine ones.  The complete suppression 
of ammonia uptake by nanotubes after 1400 K treatment is consistent with the 8+8 kJ/mol NH3 
binding energy estimated for “pristine” nanotubes. [176]  Valentini and co-workers also 
suggested that the interaction between oxygen and defective sites may be responsible for the 
reported sensitivity of nanotubes to NO2. [190]  The control of ammonia adsorption by annealing 
is observed not only for HNO3-acid treated HiPco but also for as-received HiPco prior to 
purification processes and Rice tubes produced by the laser ablation technique.  On each sample, 
ammonia adsorption decreases with increasing annealing temperature under conditions of 
constant ammonia exposure (Figure 4- 27).  All the three kinds of nanotubes samples reveal the 
extreme sensitivity of ammonia adsorption to thermal annealing. 
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Figure 4- 27 Infrared spectra of ammonia adsorption on as received HiPco samples and Rice 
tubes at 94 K after thermal annealing of SWNT to successively higher temperatures (Ammonia 
exposure=500 L) 
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In addition to healing defect sites, annealing also causes removal of functional groups. 
[187]  It is reported that functional groups on nanotube surfaces influence the electronic 
properties of SWNTs by disrupting the graphitic-like sp2 network of carbon in the SWNTs. 
[32]This disruption produces local sp3 defects which can introduce an impurity state near the 
Fermi level[32] and perturb the electronic spectra of these materials. [33, 191]  The electronic 
characteristics of nanotubes play an important role in nanotube adsorption properties. [30, 191]  
It is possible that removal of functional groups changes the local electronic state, hence the 
affinity between ammonia and nanotubes.  It was suggested that the existence of functional 
groups and defects provides sites for ammonia to adsorb on the surface that are energetically 
favorable.  The role of functional groups on molecular adsorption has been reported previously. 
[51, 52, 192-194]  For example,  the presence of surface functional groups changed the binding 
energy, while increasing the uptake kinetics, of a polar molecule (acetone) [52] and decreased 
the uptake of a non-polar molecule (propane) [51], on graphite surfaces.  There is evidence that 
accessible functional groups rather than external surface area were responsible for the ammonia 
uptake on the surfaces of organic materials. [192]  These aforementioned studies, on a range of 
carbon materials, such as HOPG[51, 52], activated carbon[193] and activated carbon fiber,[194]  
suggest that it is not unreasonable that surface functionalities or chemistry could dramatically 
change the adsorption capacity of ammonia by nanotubes. 
The suggested importance of functionalities does not exclude other possible impacts from 
annealing.  Exposure of nanotube samples, thermally heated to 1400 K, to ambient laboratory air 
for one hour at room temperature led to the recovery of the nanotube affinity for ammonia 
adsorption at 94 K.  The sticking probability of ammonia on nanotubes decreased again when the 
nanotubes were heated to 1400 K a second time under vacuum conditions.  It was reported that 
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exposure to air or oxygen dramatically influenced the nanotube electrical resistance, 
thermoelectric power and local density of states.[30]  It is possible that oxygen chemisorbed at 
defects sites where dangling bonds, generated by the annealing, were present.[195]  The sample 
was flash heated to 423 K to drive off physisorbed impurities (such as water) after exposure to 
air and before exposure of ammonia at 94 K.  This excluded the possible influence of water on 
ammonia adsorption.[174]  One hypothesis is that exposing thermally-annealed nanotubes to 
ambient air led to the regeneration of functionalities/defects sites increasing the SWNT affinity 
to ammonia molecules. 
 
Theoretical Studies  The method of choice for theoretical modeling of NH3 adsorption on 
carbon nanotubes is the computationally cost-effective SCC-DFTB method.[177]   However, the 
modeling of physisorption on nanotubes in electronic structure calculations is inherently 
extremely difficult, since dispersion forces can only be described at the post-Hartree-Fock level 
of theory.  An alternate way to include dispersion is to add a Heitler-London dispersion energy 
term to the calculated total energy as described in Ref.[178] , which is very similar to the 
approaches typically used in molecular mechanics force fields.  In order to check the accuracy of 
such an approach, SCC-DFTB-D (-D meaning dispersion) optimized structures and energetics 
for the benzene and coronene C24H12 complexes was compared with NH3 to the best calculated 
results obtained by Bauschlicher et al.[176] (see Table 4- 3).  Investigated structures include 
complexes with one, two, and three hydrogen atoms, as well as the N lone pair, pointing toward 
the plane of benzene.  SCC-DFTB-D predicts accurately all stationary points on the 
corresponding potential energy surfaces, and the differences in interaction energies between 
SCC-DFTB-D and the best level of theory applied by Bauschlicher are only about 1 kJ/mol for 
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the benzene-NH3 system.  In fact, SCC-DFTB-D and MP2/6-31G(d,p) frequencies was ran to 
verify the nature of the stationary points, and the structure with all three hydrogen atoms pointing 
towards benzene is a transition state for the tilting motion connecting the two tilted structures.  
The discrepancy between SCC-DFTB-D and Bauschlicher’s interaction energies is somewhat 
larger for the coronene system (almost 7 kJ/mol), but again, the stationary point is predicted 
accurately, and Bauschlicher’s value for this system was actually obtained using a much smaller 
basis set in their MP2 calculations compared to the benzene calculations. 
Therefore the SCC-DFTB-D level of theory was applied in the study of NH3 adsorption 
on nanotubes, and studied adsorption of ammonia on a pristine tube (a), defective tube (b and c), 
and oxidized tube (d) (see Figure 4- 28).  The model system for the nanotube was a 20 Å long 
(5,5) armchair tube capped at both ends with C30 buckminsterfullerene half-spheres to prevent 
the ammonia molecule from being “sucked” inside.  A defect was simulated by removing a 
carbon atom from the sidewall (at the center for system b and near the cap for system c).  The 
defect healed in geometry optimizations to a defect site containing an opening of 9 carbon atoms 
plus a pentagon, where one carbon atom maintains an unfilled valence similar to triplet-
methylene.  The oxidized tube model (d) was derived by adding five oxygen atoms to the (5,5) 
tube model to yield a tube with a cyclic anhydride group with two adjacent oxygen sites, which 
presumably reduces ring strain due to otherwise adjacent pentagons. This model was shown by 
us to be much more stable than any other combination of the tube model plus 5 oxygen atoms in 
34 different conformations.[196]  Ammonia was placed in all calculations on top of the tube and 
in the vicinity of defect sites. Figure 4- 28 shows the bond distances between the ammonia 
hydrogen atoms to the next-neighbored C and O atoms for a-c) and d), respectively.  Not 
unexpectedly, the interaction between a pristine tube and ammonia in a) is very similar to the 
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ammonia-coronene interaction with –12.1 kJ/mol.  The interaction of the ammonia molecule 
with the unfilled valence of a defect tube is slightly increased to –15.9 kJ/mol (b and c).  Yet, the 
presence of oxygen molecules on the tube dramatically increases this interaction energy to –40.2 
kJ/mol (d), in line with the experimental observation that oxidized tubes bind ammonia 
significantly better than pristine tubes.  Apparently, ammonia forms strong hydrogen bonds with 
oxygen atoms in the oxidized tubes.  
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Table 4- 3 Interaction energies (E) between ammonia and benzene/coronene systems. All 
systems have been fully optimized at the SCC-DFTB-D level (by Morokuma group, Emory 
University) 
 
System SCC-DFTB-D E 
 E [kJ/mol] Ref [176] [kJ/mol] 
NH3 0.00 0.00 
C6H6 0.00 0.00 
C6H6-NH3 C3va -7.82 -6.74 
C6H6-NH3 tilt2b -7.87 -8.41 
C6H6-NH3 tilt1c -8.20 -8.45 
C6H6-NH3 u/dd -3.14 N/A 
C24H12 0.00 0.00 
C24H12-NH3 -14.30 -6.90 
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Figure 4- 28 SCC-DFTB-D optimized structures of a (5, 5) capped 20 Å long CNT model 
system plus one physisorbed NH3 molecule: a) pristine, b) and c) defective (one carbon atom 
removed), and d) oxidized (5 oxygen atoms added). H-C (panels a-c) and H-O distances are 
given in Å 
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Summary and Conclusions  Several conclusions can be drawn from this study. 
I: HiPco nanotubes subjected to vacuum annealing, which tends to recover pristine tubes 
by healing defects sites and removing functional groups, show no detectable ammonia uptake. 
II: Ammonia adsorption is detected on as-received HiPco, Rice and HNO3-treated HiPco 
nanotubes (with higher degree of functionalities and defect sites) at 94 K. Nanotube surface 
chemistry may dramatically influence the sensitivity of nanotube sensors to trace ammonia from 
the environment. This finding is corroborated by computational modeling of ammonia adsorption 
of pristine, defective, and oxidized tubes. 
III: Ammonia doesn’t interact strongly with HNO3-treated HiPco nanotubes, as revealed 
by the complete desorption above 140 K (~30 KJ/mol desorption energy). 
IV: Exposing thermally annealed nanotubes to ambient air led to the recovery of 
ammonia uptake by nanotubes.  This possibly occurs, as suggested in the literature, [195] 
through the chemisorption of oxygen at dangling bonds, leading to the regeneration of sites 
where NH3 can bind. 
V: Computational studies indicate that ammonia interacts more strongly with the 
oxidized nanotubes than with pristine or defective nanotubes, consistent with experimental 
observations. 
VI: The lack of ammonia adsorption at room temperature is not inconsistent with CNT 
sensitivity to ammonia, as long as conductivity is sensitive to coverage of 10-5 monolayer or less.   
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4.4 INTERACTION BETWEEN HYDROGEN SULFIDE AND SINGLE WALLED 
CARBON NANOTUBES 
Fixed bed activated carbon absorbers have been widely used for the control of vapor phase 
mercury emission [143].  It is reported that sulfur impregnated activated carbon has significantly 
higher mercury adsorption capacity compared with virgin activated carbon [143].  The increasing 
of mercury adsorption by sulfur impregnated carbon involves mercury reaction with elemental 
sulfur to form chemisorbed species instead of only physisorbed mercury [143].  Carbon materials 
impregnated by hydrogen sulfide are of particular interest because hydrogen sulfide itself is a 
pollutant [197], so impregnation from hydrogen sulfide is of benefit to both pollution control and 
the economy.  The performance of activated carbon adsorption of hydrogen sulfide depends on 
several physical properties of the material, such as surface area and environment parameters 
including flue gas velocity, pressure, temperature, gas concentration, moisture content, etc. 
[197].  Sulfur impregnated from hydrogen sulfide showed less thermal stability than that from 
elemental sulfur.  
An objective of this study is to understand the effect of functional groups on the ability of 
nanotubes to adsorb hydrogen sulfide. It is reported that heat treatments effectively removed 
oxygen containing functional groups from nanotube surfaces[198-201].  Heating the nanotube 
led to desorption of 16, 18, 28 and 44 m/e (Figure 4- 29) containing species, possibly H2O, CO2 
and CO.  In order to completely remove all the functional groups, the sample needs over 1273 K 
thermal treatment [148].  
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Figure 4- 29 TPD spectrum resulting from Heat treatment of purified HiPco 
Influence of functional groups on the adsorption of H2S by nanotubes at 100 K   In 
order to probe the interaction of hydrogen sulfide with SWNTs, TPD experiments were 
performed on 300 degree C treated (Figure 4- 30) and 1000 degree C treated (Figure 4- 31) 
nanotube samples exposed to hydrogen sulfide at 100K.  The partial pressure of hydrogen sulfide 
(monitored at 34amu) was plotted as a function of sample temperature.  The area under each 
curve represents the relative coverage of the surface by molecules.  The peak temperature is 
associated with the maximum desorption rate.  The desorption temperatures are similar for H2S 
from 300 degree C and 1000 degree C treated sample.  After the functional groups were removed, 
desorption energy didn’t change significantly. 
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Figure 4- 30 TPD spectrum of hydrogen sulfide from nanotube samples dispersed on HOPG 
after 300 °C treatment (dosing at 100 K) 
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Figure 4- 31 TPD spectrum of hydrogen sulfide from nanotube samples after 1000 oC treatment 
(dosing at 100 K) 
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A comparison of uptake capacity, by integration of peak area, of nanotubes before and 
after 1000 degree C treatment is displayed in Figure 4- 32.  The amount of H2S adsorbed on both 
two nanotube samples increased over the entire exposure region. The uptake capacity of the 1000 
oC treated sample was larger than 300 oC treated sample, suggesting a higher sticking probability 
on the former.  This result suggests that removing of functional groups enhanced the uptake 
capacity of nanotubes to H2S.   It is possible the heating treatment opened the entrance to the 
endohedral sites of nanotubes for H2S adsorption. 
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Figure 4- 32 Hydrogen sulfide uptake capacities by nanotubes after 300 and 1000 oC treatment 
Influence of functional groups to the adsorption of H2S by nanotubes at room 
temperature  No obvious desorption peak was observed for 34 and 32 amu species at room 
temperature as shown in Figure 4- 33 even after the dosing amount reached 3600 L.   The 
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absence of adsorption at room temperature indicated that the interaction between hydrogen 
sulfide and nanotube is not very strong.  
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Figure 4- 33 TPD spectrum of hydrogen sulfide from nanotube samples after 1000 oC treatment 
(dosing at room temperature and dosing amount was 3600 L) 
IR study of H2S adsorption on nanotubes    A preliminary infrared study of H2S 
adsorption on nanotubes was performed. However, the intensity of the signal which can be 
observed from the infrared spectra is still less than 1 milli O.D. when the exposure amount is 
already more than 100 Langmuir as shown in Figure 4- 34.  Detection of such low signals is a 
challenge for the study of adsorption by infrared spectroscopy. 
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Figure 4- 34 Infrared spectra of nanotubes after serial of hydrogen sulfide exposure at 2400 to 
2700 cm-1 region 
Summary and Conclusions   In summary, from TPD study, it was found that H2S adsorbed on 
nanotube surfaces at cryogenic temperature but not at room temperature.  The low desorption 
temperature suggests physisorption.  Removal of functional groups from nanotube surfaces 
probably opened the entry port to the inside of nanotubes, increasing the uptake capacity of 
nanotubes. 
4.5 INTERACTION BETWEEN ACETONE AND SINGLE WALLED CARBON 
NANOTUBES 
Single walled carbon nanotubes show promise as new, miniaturized functional devices [26, 27, 
202-204].  In the application of nanotubes to molecular electronics, separation materials and 
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sorbents, the uniform dispersion of nanotubes into solvents is an important step[205].  However, 
as received nanotubes are insoluble in most solvents, e.g. acetone. This makes it difficult to 
process SWNTs and disperse them in order to investigate their properties.  Several strategies, 
including dispersion and suspension under special experimental conditions, chemical 
modification and functionalization, have been developed to disperse carbon nanotubes into 
solvents[205].  Sonication is a simple and effective method to stabilize nanotubes in solvents.  
However, the sonication process could affect the surface properties as well as the structure of 
nanotubes [163].  Indeed, ultrasonication is reported to be a simple way to chemically react 
nanotubes with organic materials [206].  The sonication induced reaction between nanotube and 
aniline was observed by Sun et.al [207].  Key to successful dispersion is an understanding of the 
interaction between solvents and nanotubes.  However, this is still not well established [208].   
In this work, temperature programmed desorption (TPD) and infrared spectroscopy (IR) 
study were applied to study the interaction between a commonly used solvent, acetone, with 
single walled carbon nanotube (HiPco). 
TPD and IR acetone dosing experiments  Figure 4- 35 displayed a series of spectra of 
acetone exposed to 473K treated and 1273K treated Air/HCl treated HiPco sample at 95K.  The 
partial pressure of acetone was plotted as a function of sample temperature.  The area under each 
curve represented the coverage of the surface by molecules. The peak temperature associated 
with the maximum desorption rate.  The acetone desorption from nanotubes occurred in two 
temperature ranges. One is around 150 K and second one is 300 - 400 K.  The acetone boiling 
temperature is 329 K.  The higher temperature peaks appearing right above the boiling 
temperature indicated a strong interaction of acetone with the nanotubes.  The amount of acetone 
adsorbed on nanotube samples increased almost linearly for the entire exposure region. 
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Figure 4- 35 TPD spectra of acetone adsorbed on Air/HCl treated HiPco nanotube surface after 
500 K treatment. (W data offset for clarity) 
A control experiment on bare W grid was also performed in this study to make sure that 
acetone desorption does not occurs from W supports and/or other sample mount plate, but from 
the nanotube, itself.  The peaks from bare W are the off-set, dotted line in Figure 4- 34.  The 
biggest peak from W grid at 220 K doesn’t appear in the nanotube spectra which mean that peaks 
in nanotube spectra are not influenced by W grid.  In addition, nanotube deposition covered the 
entire surface of W grid sampled by the QMS aperture was proved.  
The acetone carbonyl peak was observed in the infrared spectra (Figure 4- 36) at 1710 
cm-1.  The extinction coefficient of this vibrational mode was small. The peak was larger than 1 
milli.O.D. after the exposure was larger than 80 Langmuir.  Desorption of this carbonyl peak 
(Figure 4- 37) happened 120 to 200 K with a maximum around 150-180 K which agrees with the 
TPD data for the lower temperature peak.  
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Figure 4- 36 IR spectra of acetone adsorbed on Air/HCl treated HiPco nanotube surface after 
473 K treatment 
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Figure 4- 37 IR desorption spectra of acetone adsorbed on Air/HCl treated HiPco nanotube 
surface after 473 K treatment 
  94 
Sonication induced acetone chemisorption by full spectrum TPD and IR   The 
stronger the solvent-nanotube interaction, the higher the temperature at which the solvent should 
desorb from the nanotube.  In order to provide a more complete analysis, and because possible 
reactions were suspected with unknown products, the TPD were performed by taking 1 to 100 
amu spectra at intervals of 10 K while ramping the temperature from 128 K to 828 K (full 
spectrum TPD).  Figure 4- 38 shows the profile of desorbed species from Air/HCl treated HiPco 
nanotubes sonicated in acetone.   Below room temperature, only 2, 18, 28 and 44 amu peaks 
were observed.  Those are all background species (possibly trace H2, H2O, CO2, CO and N2) 
above room temperature, additional peaks at 58, 55, 43, 42, 41, 39, 36, 15 amu appear.  58, 43, 
and 15 amu correspond to the fragmentation products in the acetone mass spectrum (RGA Mass 
spectrum library, Stanford Research Systems).  The temperatures at which the peaks are 
observed are above the boiling point of acetone, providing evidence of a strong interaction 
between acetone and nanotubes.  Chakrapani et.al., who previously studies the acetone 
sonication reaction, suggested 41, 39 and 42 amu peaks were similar to propylene fragmentation 
pattern.[163]  These features would result from desorption of adsorbed alkyl fragments of 
acetone, which further confirms chemisorption. 
Control experiments to investigate contribution from the W grid sample support were 
also performed.  As shown in Figure 4- 39, except for the background gases, no species desorbed 
from W grid during temperature ramping.  The influence from W grid on the results shown in 
Figure 4- 38 was excluded.   
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Figure 4- 38 Full spectrum (1-100 amu) TPD of Air/HCl treated HiPco nanotubes sonicated in 
acetone 
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Figure 4- 39 Full spectrum (1-100 amu) TPD of W grid 
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Acetone was used to disperse air/HCl treated HiPco samples.  Besides the persistence of 
the features in the CH stretch region of the IR spectrum, it was strange to find no increase in the 
carbonyl peak region of the infrared spectrum of nanotubes sonicated in acetone (solid line in 
Figure 4- 40). In order to compare acetone sonicated into/onto nanotubes with physisorbed on 
nanotube surfaces, at 94 K 200 L acetone was dosed onto air/HCl treated HiPco nanotube 
samples which had been sonicated into acetone.  The results in an intense carbonyl peak around 
1710 cm-1 as shown in the dotted line in Figure 4- 40.  Moreover the increase of ether peak on 
Air/HCl treated nanotube surfaces was observed after sonication into acetone as shown in Figure 
4- 41 compared to nanotubes samples sonicated in toluene.   
 
Figure 4- 40 Infrared spectra of the carbonyl peak (around 1710 cm-1) from acetone physisorbed 
(dotted line) on nanotubes compared sonicated (solid line, dose 200 L at 94 K) into nanotubes 
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Figure 4- 41 Infrared spectra of oxygen containing functional group region for Air/HCl treated 
nanotubes sonicated in acetone (solid line) and toluene (dotted line) 
The vibrational spectrum of a molecule is considered to be a unique physical property 
and is characteristic of the molecule.  At the very least IR enables the presence of a specific 
group to be determined.  It is also possible to determine its local environment [124].  In Figure 4- 
42, the CH2/CH3 stretch region of mid-IR spectra of nanotubes sonicated in acetone (dashed 
line), and physisorbed acetone on nanotubes (solid line) was compared.  There are two peaks, 
near 2910 and 2970 cm-1, on the spectrum of nanotubes sonicated in acetone (dashed line).  
While this is the CH2/CH3 region CH2 peaks from acetone were not expected unless substantial 
rearrangement of the molecule occurs.  Another high intensity peak around 3010 cm-1 arose upon 
the acetone exposure at 94 K.  The CH3 peak from physisorbed acetone is clearly different from 
chemisorbed acetone.   
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The preceding discussion suggests that the acetone reacted with nanotubes and formed 
anther kind of oxygen structure instead of carbonyl, possibly an ether structure.   In order to test 
this hypothesis, a molecule, Methyl Tertiary Butyl Ether (MTBE), with a similar structure to the 
possible reaction product was selected to adsorb on nanotube samples. The spectrum of MTBE 
adsorbed on nanotubes was also shown in Figure 4- 42 (dotted line).   
 
Figure 4- 42 The CH2/CH3 stretch region of mid-IR spectra of Air/HCl treated nanotubes 
sonicated in acetone (dashed line), physisorbed acetone on nanotubes (solid line) and MTBE 
adsorbed on Air/HCl treated nanotubes (dotted line) 
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There is similarity between the CH2/CH3 peak positions of nanotubes sonicated in 
acetone and MTBE adsorbed on nanotube surfaces.  The CH2/CH3 ligand in MTBE connects to 
ether type oxygen.  As the carbonyl oxygen became ether type oxygen after reaction with 
nanotube the CH2/CH3 peaks shift to lower wavenumbers.  There is possibility that the CH2/CH3 
in acetone sonicated nanotubes also connects to ether type oxygen.  This further supports the 
suggestion for an acetone nanotube reaction.  
Based on both infrared and TPD studies, one possible scheme for acetone chemisorption 
on nanotubes during sonication is proposed in Figure 4- 43.  The carbonyl group on acetone 
molecule could react with the dangling bond, on defect sites, on nanotube surfaces and form 
ether structures[163].  However, because of their chemical properties, hexanes and toluene are 
not expected to react with nanotubes.   
 
Figure 4- 43 Reaction scheme between acetone and nanotubes 
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Summary and Conclusions  In summary, the interaction between acetone and nanotubes was 
investigated by TPD and infrared spectroscopy.  Both physisorption and chemisorption appeared.  
A possible reaction scheme was suggested for acetone bonding with nanotubes during 
sonication.  The strong interaction between acetone and nanotube during sonication suggested 
that one needs to be careful in interpreting experimental data when aggressive sample 
preparation was applied during sample preparation.    
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5.0 ENVIRONMENTAL SIGNIFICANCE OF THIS STUDY  
The environmental applications and impact of this study can be divided into three topics.  The 
first one is that this study demonstrates a possible method to enhance the performance of 
nanotube sensors by changing the degree of chemical and physical morphology. The results 
bridges the controversy between theoretical and experiment studies between the interaction 
between ammonia and carbon nanotube.  Protection of human health and ecosystems requires 
rapid, precise sensors capable of detecting pollutants at the molecular level. Major improvements 
in process control, compliance monitoring, and environmental decision-making could be 
achieved if more accurate, less costly, more sensitive techniques were available. Nanotechnology 
offers the possibility of sensors enabled to be selective or specific, detect multiple analytes, and 
monitor their presence in real time. [209] 
The second environmental application comes from the finding that nanotubes are 
potential sorbents for environmental treatments.  Through the studies of the interaction between 
molecules and nanotubes, it was shown that there is a strong interaction between acetone and 
nanotubes, with desorption occurring at temperatures even higher than the boiling point of 
acetone.  The results illustrated that nanotubes are potential candidates for separating certain 
molecules, like acetone, from their matrix based on different interaction energies.  Cost-effective 
treatment poses a challenge for the EPA and others in the development of effective risk 
management strategies. EPA supports research that addresses new treatment approaches that are 
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more effective in reducing contaminant levels and more cost effective than currently available 
techniques.  Nanotechnology offers the possibility of more effective treatment of soil and water 
due to the higher surface to volume ratios of nano materials, and it offers the possibility of novel 
collection and separation protocols imparted due to the unique physical properties of 
nanomaterials. Specific control and design of materials at the molecular level may impart 
increased affinity, capacity, and selectivity for pollutants. [210] 
The third environmental application comes from the fact that this study successfully 
demonstrated detection of low concentrations of functionalities on carbonaceous materials by 
fluorescent labeling (FLOSS).  FLOSS indicated the presence of COOH and CHO groups on the 
ACF25 fiber surface, for which neither the infrared spectrum nor the X-ray photoelectron 
spectrum showed evidence of their existence.  FLOSS detects only exposed functional groups as 
opposed to functional groups hidden in small pores.  This apparent limitation, however, 
highlights the surface sensitivity and specificity of FLOSS technique.  FLOSS revealed that 
purification processes introduced more groups to purified nanotubes.  Moreover, FLOSS showed 
that the functional groups are distributed heterogeneously on the nanotube surface.  New 
functional groups created through the purification process grew preferentially on the defect sites.  
Functionality is a key for most of the applications of carbonaceous materials, including sorbents.  
Determination and quantification of functionalities will help to improve the performance of 
activated carbon fibers, carbon nanotubes, etc.     
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6.0 SUMMARY AND CONCLUSIONS  
This work investigated the possible environmental application of carbon nanotubes through the 
study of chemical properties (functionalities) and topological heterogeneity (defects) and their 
influence on the interaction between small molecules (ammonia, acetone and hydrogen sulfide) 
and nanotubes.  Functionalities/defects on nanotubes surface play an important role on their 
adsorption ability.  This study answered an important question about the influence of different 
production and purification methods on a variety of functionalities that exist on the nanotube 
surface.  This study also evaluated the possibility of determining functionalities on carbon 
material surface by fluorescence labeling technique.  The key tasks that have been accomplished 
in this study include: 
1. Determination of the impact of oxygen containing functional groups and/or defects on 
nanotube adsorption abilities.  This task was accomplished by the study of ammonia, 
acetone and hydrogen sulfide adsorption on nanotube surfaces.  Thus the adsorption 
capacity of carbon nanotubes can be controlled by changing the degree of functionalities 
on nanotube surfaces.  
2. Resolving the controversy between theoretical and experimental results about the 
interaction between ammonia and nanotubes.  The key finding of this task suggests a way 
to improve the sensitivity of nanotube sensors by enhancing the presence of oxygen 
containing surface functionalities.   
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3. Illustrating that different purification methods result in different degrees of functionalities 
on nanotube surface. Air/HCl purification is an effective method to remove metal catalyst 
without introducing significant functionalities.  However, nitric acid oxidation generate 
significant oxygen containing functionalities while somewhat enhancing metal removal.  
Thus carbon nanotube purifications methods can be selected based on the requirements 
for their application. 
4. Chemical identification and quantification of functionalities on carbonaceous surface 
using the FLOSS technique.  This technique was successfully applied to activated carbon 
fiber and single walled carbon nanotubes.  The surface sensitivity and specificity of this 
analytical technique was demonstrated for several classes of carbonaceous materials.  
Using this technique, it was observed that little OH functionality, compared to CHO or 
COOH, existed on these materials.  This method can be used to detect low concentrations 
of functionalities which are below the sensitivities of IR and XPS techniques. 
  106 
7.0 SUGGESTIONS FOR FUTURE WORK 
Environmental engineering is often faced with the lack of fundamental understanding of 
molecular interactions in the complex mixtures that characterize environmental systems.  Future 
studies on adsorption on carbon nanotubes under UHV conditions should utilize multiple 
analytical techniques (e.g., IR+TPD+XPS) to fully characterize many components of both the 
nanotubes and adsorbates used in the study.  In addition, experimental techniques developed in 
this study may be applicable to characterization of complex environmental samples that require 
better understanding of surface phenomena relevant to the behavior of the entire systems.   
Additional work would be needed to modify the experimental instrument used in this 
study and incorporate more experimental analytical methodologies.  For instance, it would be 
useful to perform TPD and obtain IR spectra at the same time on the same sample.  It would be 
advantageous to have the ability to change experimental parameters, e.g. pressures, over ranges 
that mimic more realistic environmental conditions and the ability to introduce species that might 
be expected under realistic field conditions (e.g. water and oxygen) into the chamber. 
The results of this study indicate that there are strong interactions between molecules, e.g. 
acetone, and nanotubes.  This suggests that carbon nanotubes have potential uses in selective 
adsorption of toxic species.  Separation is a promising future research topic.  One may be able to 
extend the fundamental surface science results to study the possible removal of pollutants, like 
MTBE from its matrix, like water. 
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It is well known that the performance of sulfur-impregnated activated carbon fibers for 
mercury uptake is strongly related to physical and chemical properties of both the sulfur and 
carbon.  The experiment setup in this work offers the potential to understand the surface 
chemistry of the carbon and the formation of sulfur compound.  
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APPENDIX A 
PHYSICAL CONSTANTS OF METAL CANDIDATES FOR SAMPLE WIRES 
2757
1262
1132
1017
10-4
2407
1072
947
857
10-610-8
21173410WTungsten
9271455NiNickel 
8071064AuGold
7271083CuCopper
Temperature (°C)  for given vapor pressure (torr)Melting Point 
(°C)
SymbolMaterials
 
 
All data were obtained from the catalog of the K.J Lesker company. 
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APPENDIX B 
PHYSICAL CONSTANTS OF MOLECULES STUDIED 
27.94N/AN/A28.8528.31Heat of 
vaporization
(kJ/mol)
164.56187.660.06060 
bar
178.0 229Triple point 
(K)
164.50190.85194.95178229Melting point 
(Tm,K)
328.2 212.87N/A341.9 329Boiling point 
(Tb,K)
88.1534.0817.0386.1858Molecular 
weight (g/mol)
MTBE
(C5H12O)
Hydrogen 
sulfide 
(H2S)
Ammonia
(NH3)
Hexane
(C6H14)
Acetone 
(C3H6O)
 
 
All data were obtained from CRC handbook of chemistry and physics, David R. Lide, 78th 
edition, CRC press. 
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